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  In the work presented here, an ultrafast, angularly accelerating optical trap, 

called an optical centrifuge, rotationally excites gas-phase molecules such as N2O, CO, 

and CO2 to extremely high-𝐽 rotational levels with oriented angular momentum. 

Molecules in highly energetic rotational levels are known as super rotors and relax to 

thermal equilibrium. The state-resolved collision dynamics are investigated using 

polarization-sensitive high-resolution transient infrared absorption spectroscopy. Three 

different optical centrifuge traps are used to impart angular momentum to the gas-phase 

molecules: a full optical bandwidth, a reduced optical bandwidth, and a tunable optical 

bandwidth. New IR spectral lines of N2O with 𝐽 = 140 − 205 (𝐸𝑟𝑜𝑡 = 8,200 −

17,400 cm−1) are reported. Polarization-dependent transient measurements of N2O in 

𝐽 = 195  reveal high orientational anisotropy of  𝒓 = 0.85 produced by the centrifuge. 

The nearly-nascent rotational distributions of CO are investigated using two pressures 



  

and two optical centrifuge bandwidths. The shapes of the distributions beyond the peak 

at 𝐽 = 62 mimic the intensity profile in the fall-off region of the shaped optical pulses. 

The capture and acceleration efficiencies of CO and CO2 at comparable angular 

frequencies using three clipped chirps are also investigated. Nascent rotational 

distributions show that CO2 and CO exhibit narrow and broad distributions, 

respectively, due to differences in molecular polarizability anisotropy. Surprisingly, the 

ratio of [CO2]:[CO] trapped by the centrifuge is nearly 1.5, despite CO2 having twice 

as many states as CO and about 3-fold larger polarizability anisotropy. The relaxation 

dynamics of CO and N2O with He and Ar buffer gases indicate that He is more efficient 

at rotational quenching than is Ar, and leads to products with larger recoil.  
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Chapter 1: Introduction 

1.1 Background 

Molecules with large amounts of rotational energy are present in plasmas, 

molecular lasers, high temperature exoplanet atmospheres, and as products of 

photodissociation, exothermic reactions, and vibrational energy transfer.1-20 The 

discovery and characterization of hot planets and simulations of exoplanet atmospheres 

rely on a combination of laboratory measurements of hot molecules and ab initio 

calculations.21 Heating a gas makes it possible to observe IR transitions from highly 

excited levels that are not populated at ambient temperatures. However, heating can 

also lead to spectral congestion and line broadening, which complicate and obscure 

otherwise well-resolved spectra.22 The extent of rotational excitation using linear 

optical methods is determined by the thermally populated rotational levels and by 

optical selection rules that require small changes in angular momentum quantum 

number. In some cases, vibration-to-rotation energy transfer can be used to excite 

molecules beyond thermally accessible levels.23 An alternative approach to heating and 

using linear optical methods is a non-resonant optical technique, called an optical 

centrifuge, that drives molecules into excited rotational levels presumably without 

directly exciting the vibrational and translational degrees of freedom in a molecule.  

The optical centrifuge is an optical trap that rotationally excites gas-phase 

molecules to extremely high-𝐽 rotational levels with oriented angular momentum. The 

highly rotationally excited molecules are known as super rotors. Villeneuve et. al. were 

the first to demonstrate the optical centrifuge, trapping and spinning Cl2 molecules to 
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the point of bond dissociation.24 The optical centrifuge is comprised of two oppositely-

chirped, circularly polarized pulses of light that are combined to create a linearly 

polarized, angularly accelerating optical field. The angularly accelerating optical field 

interacts with the electron clouds of gas-phase molecules, aligning the molecules with 

the field. Molecules that are trapped in the angularly accelerating field are spun into 

high rotational quantum levels. Molecules are released from the trap and have rotational 

angular frequencies 𝛺𝐽 equal to the instantaneous trap frequency 𝛺𝑜𝑐 when the field 

intensity is not sufficient to hold them, or the kinetic energy gained in the acceleration 

process exceeds the interaction with the optical field.  

Armon and Friedland characterized the excitation process of molecules in the 

optical centrifuge using both classical and quantum mechanical descriptions.25 In the 

classical limit, molecules undergo autoresonance by continuously self-adjusting its 

rotation to the accelerating frequency of the optical trap and are driven to higher 

rotational levels. In the quantum limit, the molecules undergo successive quantum 

ladder climbing through stimulated Raman excitation involving pairs of states. Armon 

and Friedland describe the efficiency of the optical centrifuge to trap and rotationally 

excite molecules based on three timescales: the drive sweeping time (which is based 

on the chirp rate of the accelerating field), the Rabi drive, and the initial molecular 

rotation. 

Using an optical centrifuge as the excitation source for rotational energy 

transfer studies expands our knowledge of molecular energy exchange processes by 

opening the door to a higher energy regime. Previous studies of rotational energy 

transfer of thermally accessible levels show that collisions with small |∆𝐽| are the most 
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probable events, that rotational energy transfer rate constants decrease with increasing 

𝐽, and that rotational energy transfer cross sections can exceed gas kinetic cross 

sections.26 Rotational energy transfer is distinct from electronic and vibrational 

relaxation because rotational energy levels are usually spaced more closely than the 

thermal energy at room temperature. In addition to close energy spacing, the 

degeneracy of rotational levels increases with 𝐽, leading to the presence of numerous, 

energetically accessible channels. The details of rotational energy transfer depend to 

some extent on the nature of the species involved. Collisions of HF (𝐽 = 13) with H2 

results in rotational relaxation rates that are 10-fold larger than for collisions with rare 

gases.2,23,26-27 IR double-resonance experiments on CO+CO rotational energy transfer 

demonstrated that state-to-state rate data for rotational levels up to 𝐽 = 14 are best 

described with a statistical polynomial-exponential gap model with rates that decrease 

with increasing initial rotational level.27 Events with |∆𝐽| up to 6 contribute an 

appreciable amount to the relaxation kinetics and narrow Doppler linewidths are 

observed for product levels associated with the largest energy transfer rates.27 These 

features are understood with a classical model of rotational energy transfer, wherein 

weak collisions induce small |∆𝐽| values and minimal changes in velocity vectors and 

hard collisions induce the converse.27 

The Mullin research lab has made tremendous strides in uncovering the 

behavior and properties of super rotors by coupling the optical centrifuge to a high-

resolution transient IR absorption spectrometer. The earliest measurements in the 

Mullin group used single-pass overlap of the IR probe with the optical centrifuge. Yuan 

et. al. identified new spectral lines and expanded the range of known N2O 
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(0001 ← 0000) IR transition frequencies to include 𝐽 = 93 − 99.28 The first 

polarization-dependent study of super rotors by Toro et. al. revealed that CO2 in 𝐽 =

76 acts as a molecular gyroscope, retaining its initial plane of orientation through 

thousands of collisions.29 A multi-pass detection scheme was implemented in which 

the IR probe overlaps the optical centrifuge beam 11 times. This modification 

significantly improved signal-to-noise and enabled detection of higher rotational levels. 

Murray et. al. studied the relaxation dynamics of CO2 in 𝐽 = 76 and 100 with He and 

Ar buffer gas, showing that He is more effective at rotational quenching and Ar is more 

effective at reorienting CO2 to isotropic distributions of angular momentum vectors.30 

Ogden et. al. identified new IR spectral transitions of N2O (0001 ← 0000) from 𝐽 =

140 − 205 and measured the first inverted rotational distribution, indicating that we 

were getting closer to the nascent distribution of centrifuged molecules.31 In the work 

presented here, a tunable optical centrifuge is created with the implementation of an 

adjustable beam block, such that rotational levels can be selectively populated, and the 

dynamics of the nascent (or nearly-nascent) centrifuged distributions are explored. 

1.2 Outline 

The outline of the thesis is as follows: 

• Chapter 2: This chapter describes the main components of the optical centrifuge 

coupled to a high-resolution transient IR absorption spectrometer. The theory, 

experimental design, and data analysis for trapping, spinning, and detecting 

molecules in high-𝐽 levels is explained. 

• Chapter 3: New IR spectral transitions of N2O (0001 ← 0000) are measured 

for rotational levels 𝐽 = 140 − 205. The collision dynamics of optically 
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centrifuged N2O in 𝐽 = 92 − 195 is investigated at a pressure of 5 Torr and 

with a reduced optical bandwidth optical centrifuge. Polarization-dependent 

Doppler-broadened line profiles for 𝐽 ≥ 180 show small translational energy 

gain from near-resonant collisional energy transfer and large values of 

orientational anisotropy, near 𝑟 = 0.77. 

• Chapter 4: The nearly-nascent rotational distributions of CO are measured at 

two pressures (2.5 and 5 Torr) and with two optical centrifuge bandwidths (full 

and reduced). Polarization-dependent measurements reveal an inverted 

rotational distribution that peaks at 𝐽 = 62. The distribution above 𝐽 >

62 correlates to the shape of the trap intensity, resulting in broader and sharper 

distributions using the full and reduced optical bandwidths, respectively. 

Doppler profiles show translation 𝑇 < 300 K for 𝐽 = 75. 

• Chapter 5: A tunable optical centrifuge is made with an adjustable beam block 

to compare the nascent rotational distributions of CO and CO2 with comparable 

angular frequencies at a pressure of 500 mTorr. Absolute number densities 

were calculated from transient measurements and reveal that the centrifuge 

traps CO2 about 1.5 times more efficiently than CO. Narrow and broad 

distributions produced by CO2 and CO, respectively, suggest that the centrifuge 

traps about the same number density of CO and CO2 molecules but the 

molecular properties, such as polarizability, govern the shape of the nascent 

distribution. 

• Chapter 6: The collision dynamics of CO and N2O super rotors with He and Ar 

buffer gas are investigated. Doppler broadened line profiles of CO in 𝐽 = 42 −
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62 show that collisions between CO and He are mainly adiabatic. Doppler 

profiles show large translational gain for collisions of N2O in 𝐽 = 195 with He, 

indicating sudden collisional energy transfer. N2O in 𝐽 = 140 − 195 show less 

population change and translational energy gain with the addition of Ar, 

indicating mainly adiabatic collisions.  

• Chapter 7: Overall conclusions of the experiments presented in this work are 

discussed and suggestions for future experiments are given. 
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Chapter 2: Experimental Methods and Analysis 
 

 This chapter describes the experimental methods used to create an ensemble of 

super rotors and study the time-dependent collision dynamics as the molecules relax to 

thermal equilibrium. The chirped output of a 1 Khz Ti:Sapphire regenerative amplifier 

is further shaped to create two oppositely chirped pulses that enter a multi-pass 

amplifier pumped by an Nd:YAG laser. The amplified pulses are overlapped in space 

and time using a delay stage and polarizing beam cube, creating an angularly 

accelerating pulse. The pulse is focused into a gas sample cell to rotationally excite 

molecules. A quantum cascade laser (QCL) is tuned to specific infrared (IR) ro-

vibrational transitions of gas-phase molecules, and the time-dependent appearance in 

individual rotational levels is measured with a transient IR absorption spectroscopy. 

The frequency of the IR light is stabilized with active feedback control using a 

wavemeter, an etalon, and a lock-in amplifier. The main components of the optical 

centrifuge and high-resolution transient IR absorption spectrometer are shown in 

Figure 2.1. Molecules such as N2O, CO2, and CO were investigated using this 

technique. In the following sections, N2O and CO will be used as examples to illustrate 

the experimental approach.  
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Figure 2.1 The main components of the optical centrifuge and the wavelength-stabilized 

transient IR absorption spectrometer. 

2.1 Creating the Optical Centrifuge 

2.1.1 Theory 

In the research presented here, an optical centrifuge is used to rotationally excite 

an ensemble of gas-phase molecules to extremely high rotational levels with oriented 

angular momentum. In this section, the fundamental principles of creating and using 

an optical centrifuge are described. 

The optical centrifuge produces a linearly polarized, angularly accelerating 

optical field that traps and spins a thermal sample of gas-phase molecules into high 

rotational levels. The technique was first described by Ivanov and coworkers and is 

based on shaped ultrafast laser pulses.32  The optical field induces a dipole moment 

𝜇𝑖𝑛𝑑 in gas-phase molecules that have polarizability anisotropy ∆𝛼, where ∆𝛼 = 𝛼∥ −
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𝛼⊥ and 𝛼∥ > 𝛼⊥. The depth of the interaction potential 𝑈0 between the electric field 

and the molecule is  

𝑈0 =
−1

4
∆𝛼𝐸2𝑐𝑜𝑠2(𝜃),   (2.1) 

where 𝐸2 is the optical intensity and 𝜃 is the angle between the most polarizable axis 

of the molecule and the polarization. The interaction potential is most stable when the 

field and axis of maximum polarizability are parallel (𝜃 = 0), as shown in Figure 2.2. 

  
Figure 2.2 Induced dipole of N2O leading to alignment with the optical field. 

The optical field angularly accelerates based on the temporal chirps of the 

pulses, as described in Section 2.1.2. Molecules that are aligned with the instantaneous 

optical field rotate with the field, gaining rotational energy and angular momentum. 

Based on Equation 2.1, molecules with larger values of ∆𝛼 have a stronger interaction 

with the angularly accelerating field. The strength of the optical trap also depends on 

the pulse intensity. Once the optical trap falls below a critical minimum intensity, the 

interaction is no longer strong enough to hold onto the molecules, and they can fall out 

of the trap. A molecule remains trapped in the optical centrifuge field if the rotational 

kinetic energy 𝐾 gained does not exceed the potential energy 𝑈0. The kinetic energy 

gained by the molecule during the turn-on time 𝑡𝑜𝑛 of the centrifuge is determined by 

𝐾~
1

2
𝑈0 +

1

2
𝐼(𝛽𝑡𝑜𝑛)2,    (2.2) 
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where 𝐼 is the molecule’s moment of inertia. Here, the first term comes from the Virial 

Theorem and the second term is due to the rotation of the frame.32 

 The angular acceleration of the optical trap is controlled by overlapping, in 

space and time, two oppositely chirped pulses of opposite circular polarizations. The 

chirped pulses have time-dependent optical frequencies in units of radians s-1. The 

positively chirped pulse is denoted 1 and the negatively chirped pulse is denoted 2, and 

their instantaneous frequencies are given by 

𝜔1(𝑡) = 𝜔0 + 𝛽(𝑡)    (2.3) 

and 

𝜔2(𝑡) = 𝜔0 − 𝛽(𝑡),    (2.4) 

respectively. Here, 𝜔0 is the initial frequency of light corresponding to 𝜆0 = 805 𝑛𝑚, 

and 𝛽. In our apparatus, 𝛽 is 0.5 × 1012 radians s-1 ps-1. The pair of oppositely chirped 

pulses together create an angularly accelerating, linearly polarized optical field. The 

linear field results from combining pulses with opposite chirp and opposite circular 

polarization, as shown in Equation 2.5 where Δ𝜔(𝑡) = 𝜔1(𝑡) − 𝜔2(𝑡). 

𝐸⃗⃗(𝑡) = 𝐸0(t)cos (𝜔0𝑡) [cos (
Δ𝜔

2
𝑡) 𝑥̂ − sin (

Δ𝜔

2
𝑡) 𝑦̂]. (2.5) 

The chirped pulses 1 and 2 have the same initial frequency 𝜔0. The instantaneous 

frequencies diverge and the angular acceleration of the optical trap increases linearly 

with Δ𝜔(𝑡). The instantaneous angular frequency Ω𝑂𝐶(𝑡) of the optical trap is half of 

the time-dependent frequency difference Δ𝜔(𝑡) between the two chirped pulses, in  

Ω𝑂𝐶(𝑡) =
1

2
Δ𝜔 =

1

2
(𝜔1(𝑡) − 𝜔2(𝑡)).  (2.6) 

Based on Equation 2.6, the maximum acceleration Ω𝑚𝑎𝑥 of the optical field is 

dependent on the temporal overlap the pulses. The terminal angular frequency of the 
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optical trap can be controlled by removing selected frequencies from one or both of the 

chirped pulses, ending the angular acceleration of the field at lower angular 

frequencies. 

In our experiments, the optical trap interacts with a sample of gas-phase 

molecules at 300 K. The initial rotational distribution of the sample is isotropic, as 

illustrated in Figure 2.3a. The propagation vector 𝑘⃗⃗𝑜𝑐 of the optical centrifuge pulse is 

along the z-direction and the optical field spins in the xy-plane, causing trapped 

molecules to be angularly accelerated in the xy-plane, as shown in Figure 2.3b. This 

process results in an ensemble of molecules with unidirectional spin and oriented 

angular momentum vectors, as in Figure 2.3c. 

 
Figure 2.3 a) Rotational, isotropic distribution of a thermal N2O gas sample. The arrows 

indicate angular momentum vectors. b) The optical centrifuge pulses propagate in the z-

direction causing trapped molecules to rotate in the xy-plane. c) An ensemble of molecules with 

oriented angular momentum is created. 

2.1.2 Stretching and Amplifying the Pulses 

The optical centrifuge has four main components: an ultrafast Ti:Sapphire 

oscillator, a regenerative amplifier, a custom-built spectral pulse shaper, and a multi-

pass amplifier, as shown in Figure 2.4. Each of these components is described in this 

section. 
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Figure 2.4 Schematic of the major components involved in the optical centrifuge. 

 

A Ti:Sapphire oscillator pumped by a diode pumped, frequency doubled 

Nd:YVO4 laser at 532 nm produces 40 fs pulses centered at 𝜆0 = 805 nm at a repetition 

rate of 80 MHz.  

The pulse stretching is achieved with a pair of gratings and retro-reflecting 

mirrors. The oscillator output is dispersed by a grating such that blue wavelengths 

travel a longer distance than red wavelengths, and then is reflected by a curved gold 

mirror. At this point, the pulse duration is 100 ps and the pulse is positively chirped. 

The stretched pulse then enters a multi-pass, Ti:Sapphire regenerative amplifier that is 

pumped with 527 nm light from a frequency-doubled Nd:YLF laser. The pulse 

undergoes several round trips, leading to amplification gain of over 106. The amplified 

pulse leaves the resonator with vertical polarization. The timing of amplification and 

cavity dumping in the regenerative amplifier is controlled using a pair of Pockels cells. 

The first Pockels cell allows a single pulse into the resonator, and the second Pockels 
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cell releases the amplified pulse from the resonator after a sufficient number of round 

trips. The regenerative amplifier runs at a repetition rate of 1 kHz and a pulse picker 

reduces the output to a repetition rate of 10 Hz.         

The output of the regenerative amplifier enters a custom-built spectral pulse 

shaper. The positively chirped pulse is cut in half spectrally to create two spatially 

separated pulses, each with 50 ps pulse duration. One of the pulses maintains a positive 

chirp, whereas the other pulse is given a negative chirp using a pair of gratings.  

The output of the pulse shaper then enters a multi-pass amplifier (MPA). The 

MPA contains two Ti:Sapphire rods pumped at 10 Hz by 532 nm light from a 

frequency doubled Nd:YAG. Each chirped pulse passes through a Ti:Sapphire rod four 

times, and is amplified 4-fold on each pass. Each chirped pulse has a final pulse energy 

near 30 mJ. A schematic of the beam path for one of the chirped pulses through the 

MPA is shown in Figure 2.5. 

 
Figure 2.5 Beam path of one chirped pulse through the multi-pass amplifier. The Ti:Sapphire 

crystals are the gain medium, and are pumped at 10 Hz by 532 nm light from a frequency-

doubled Nd:YAG laser. 

 

The two pulses exit the MPA with the same vertical polarization. The positively 

chirped pulse is sent through a delay stage and the negatively chirped pulse is sent 
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through a half-wave plate (𝜆/2) to rotate its polarization by 90°. The pair of pulses 

with orthogonal polarization are spatially combined in a polarizing beam cube (PBC). 

The pulses are then combined, using the delay stage to control the relative timing. The 

combined pulses pass through a quarter-wave plate (𝜆/4), which induces opposite 

circular polarization in each pulse. The combination of oppositely-chirped pulses with 

counter-rotating circular polarization results in a linearly polarized optical field that 

angularly accelerates over the time of the pulse. The final pulse is focused into a gas 

cell with a beam waist of 53 μm (with a 106 μm diameter cross section) using a 50 cm 

focal length lens. The combined pulse energy that enters the cell is reduced by 8% 

(from 60 mJ to 55.2 mJ) due to losses in optical components. The pulse irradiance at 

the focal point in the sample cell is typically  𝐼 = 2.5 × 1014 W cm-2. 

2.1.3 Creating a Tunable Optical Centrifuge 

 The optical centrifuge trap requires the overlap of the oppositely-chirped pulses 

in both space and time. Figure 2.6a shows the full bandwidth spectrum of the optical 

centrifuge and Figure 2.6b shows the intensity of the optical trap as a function of the 

instantaneous angular frequency Ω𝑜𝑐. 
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Figure 2.6 a) Spectra of the two pulses at the full bandwidth. b) Instantaneous angular frequency 

Ω𝑜𝑐 of the optical centrifuge using the full bandwidth. 

 

The ultimate angular acceleration Ω𝑚𝑎𝑥 of the optical centrifuge depends on the 

spectral bandwidth Δ𝜔 of the initial optical pulse. The angular acceleration of the 

optical trap is interrupted if the spectrum of one pulse is blocked beyond a certain 

wavelength. For the experiments described in this thesis, the spectral bandwidth of one 

pulse was used to control the rotational levels excited. The spectral bandwidth of the 

optical trap was reduced by introducing a movable beam block in the pulse shaper, as 

shown in Figure 2.7. The beam block removes an adjustable amount of the short 

wavelength portion of the positively-chirped pulse, decreasing the overall bandwidth 

of the trap and thereby the maximum angular acceleration of the field Ω𝑚𝑎𝑥. 
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Figure 2.7 Schematic of making a tunable optical centrifuge made reducing the bandwidth of 

the positively-chirped pulse. 

 

Figure 2.8a shows the spectrum of oppositely chirped pulses where the 

bandwidth of the positively chirped pulse (blue) has been reduced by the beam block, 

compared to the full bandwidth shown in grey. Figure 2.8b shows the instantaneous 

angular frequency of the reduced bandwidth trap in blue. The full optical bandwidth 

leads to a maximum angular acceleration with Ω𝑚𝑎𝑥 near 6.0 × 1013 radians s-1, as 

shown in grey. The reduced optical bandwidth in Figure 2.8b leads to a maximum 

angular acceleration with Ω𝑚𝑎𝑥 near 3.3 × 1013 radians s-1, as shown in blue.  
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Figure 2.8 a) Reduced spectrum of positively chirped pulse (blue), compared to the full 

spectrum (grey). b) Instantaneous angular frequency of the reduced-bandwidth optical trap 

(blue), compared to the full bandwidth trap (grey). 

2.1.4 Rotational Energy of Optically Centrifuged Molecules  

 The angular frequency Ω𝐽 of molecules trapped in the optical centrifuge is equal 

to the instantaneous angular frequency Ω𝑂𝐶 of the field.  The extent to which rotational 

energy is imparted to optically centrifuged molecules depends on the value of Ω𝑚𝑎𝑥 

for the optical trap. The classical rotational energy of a centrifuged molecule is equated 

to its quantum energy, i.e. 

𝐸𝑟𝑜𝑡 =
1

2
𝐼𝛺𝐽

2 = 𝐵𝐽(𝐽 + 1).   (2.7) 

Here, 𝐼 is the molecule’s moment of inertia, Ω𝐽 is its classical angular frequency, 𝐵 is 

the rotational constant for the quantum rigid-rotor model, and 𝐽 is the rotational 

quantum number. The highest rotational quantum level produced by the optical 

centrifuge is estimated using the approximation that 𝐽(𝐽 + 1) ≈ 𝐽𝑚𝑎𝑥
2  to yield  
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𝐽𝑚𝑎𝑥 ≈
𝐼ΩJ

ℏ
,    (2.8) 

(where ℏ is Planck’s constant). Values of 𝐽𝑚𝑎𝑥 are determined using the molecule’s 

moment of inertia. Table 2.1 shows 𝐽𝑚𝑎𝑥 values for CO, N2O, and CO2 for the full 

bandwidth trap and for the reduced bandwidth trap shown in Figure 2.8, along with 

their rotational energies 𝐸𝑟𝑜𝑡.  

Table 2.1. Estimated values of 𝐽𝑚𝑎𝑥 and rotational energy for CO2, N2O, and CO  

Molecule 

 

Moment of 

Inertia 

(10−46kg m2) 

𝐽𝑚𝑎𝑥  (𝐸𝑟𝑜𝑡 in cm-1) 

Ω𝑚𝑎𝑥 = 6.0 ×

1013 radians s-1 

Ω𝑚𝑎𝑥 = 3.3 ×

1013 radians s-1 

CO 1.46 84 (13,700) 46 (4,150) 

N2O 6.68 380 (60,700) 208 (18,200) 

CO2 7.17 408 (65,100) 226 (20,000)  

 

For comparison between rotational levels that are accessed using the optical 

centrifuge and thermally possible levels, a maximum 𝐽0 value for which the sum of 

thermal population from 𝐽 = 0 to 𝐽0 is 0.999 is defined. For linear molecules, 𝐽0 can be 

estimated by  

𝐽0 ≈ 2.5√𝑘𝐵𝑇/𝐵,   (2.9) 

where 𝑘𝐵 is Boltzmann’s constant. The highest thermally accessible rotational levels 

for CO, N2O, and CO2 are 𝐽0 = 26, 56, and 58, respectively. 
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2.2 High-Resolution Transient Infrared Absorption Spectroscopy 

2.2.1 Theory of State-Resolved Transient Absorption 

The research presented here uses a high-resolution transient IR absorption 

spectrometer to investigate the spectroscopy, quantum level distributions, and 

collisional energy transfer dynamics of molecules in extreme rotational levels as 

prepared by an optical centrifuge. The instrumentation used to make these 

measurements is described in the next section. Here, the theory of transient IR 

absorption spectroscopy is discussed, and examples of transient absorption signals are 

shown.  

The optical centrifuge pulse creates an inverted rotational distribution that 

populates energy levels well above those populated at 300 K. The subsequent state-

resolved relaxation dynamics are measured by probing individual rovibrational 

transitions with high-resolution, continuous-wave (CW) IR light. A schematic of the 

excitation process and IR probing is shown in Figure 2.9a for optically centrifuged 

N2O. The IR probe transitions involve one quantum absorption in the asymmetric 

stretch mode (0001, 𝐽 + 1 ← 0000, 𝐽) near 𝜆 = 4.4 μm. The selection rule for IR 

absorption is Δ𝐽 = ±1 where ∆𝐽 is the change in rotational quantum number; 𝑃-branch 

transitions have Δ𝐽 = −1 and 𝑅-branch transitions have Δ𝐽 = +1. An example of a 𝑅-

branch (0001 ← 0000) transition of N2O in the 𝐽 = 180 level is shown in Figure 2.9b. 

In the work presented here, two types of state-resolved dynamics are probed. In some 

cases, the nascent distribution of optically centrifuged rotational levels is probed 

directly. In other experiments, the products of collisional energy transfer are measured. 
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Figure 2.9 a) Schematic of the transient IR probing of N2O molecules excited in an optical 

centrifuge and their subsequent collision dynamics. b) 𝑅-branch (0001 ← 0000) transition of 

𝐽 = 180. 

 

Fractional linear IR absorption is proportional to the population of molecules in 

a specific rovibrational state. Beer’s Law for absorption is  

𝐼𝑡/𝐼0  = 𝑒−𝛼𝑝ℓ,    (2.10) 

where 𝐼𝑡 is the transmitted light intensity, 𝐼0 is the incident light intensity, 𝛼 is the 

absorption coefficient, 𝑝 is the pressure, and ℓ is the pathlength. Fractional absorption 

measurements Δ𝐼/𝐼0 are used to determine 𝐼𝑡/𝐼0, where 𝐼𝑡/𝐼0 = 1 − Δ𝐼/𝐼0. The state-

specific “pressure” of centrifuged molecules is converted to a number density using the 

ideal gas law. Figure 2.10 shows the transient absorption at 500 mTorr of the same CO 

level using a reduced optical bandwidth and a full optical bandwidth. For the 

experimental conditions in these measurements, CO in 𝐽 = 41 using a reduced-

bandwidth centrifuge is part of the nascent distribution of centrifuged molecules, 
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whereas population in the 𝐽 = 41 level using the full bandwidth centrifuge results from 

collisions. The transient signal from 𝑡 = 0 to the peak absorption is shown in red. 

Transient absorption signals of molecules produced in the nascent distribution have a 

prompt response, whereas absorption of collision-induced levels exhibit a gradual 

increase as the rotational population grows in. The increase in population using a 

reduced bandwidth centrifuge is apparent from the fact that the 𝐽 = 41 signal is 3-fold 

larger than for the full bandwidth centrifuge.  

 
Figure 2.10 Transient fractional absorption signals of CO 𝐽 = 41 at a pressure of 500 mTorr 

following excitation using a reduced (left) and full (right) bandwidth centrifuge. 
 

The absorption coefficient is defined by  

𝛼 = 𝑆𝑓(0)𝑁,    (2.11) 

where 𝑆 is the absorption strength, 𝑓(0) is a line-shape factor, and 𝑁 is defined based 

on the ideal gas law as 𝑁 = 𝑛/(𝑃𝑉) = 1/(𝑅𝑇), where 𝑇 is the temperature for which 

 𝑆 was determined. 𝑆 is a measure of the integrated absorption strength for a 

rotationally-resolved IR transition at a specific temperature, as defined by 

𝑆 = ∫ 𝜎(𝜈)𝑑𝜈
∞

0
,   (2.12) 

where 𝜎(𝑣) is the cross-section for absorption and 𝜈 is the frequency of light. 𝑆 has 

units of cm-1/(molecule cm-2) and is reported in the HITRAN spectral database for 𝑇 =
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296 K. The line-shape factor 𝑓(0) takes into account the Gaussian Doppler-broadened 

absorption line profile. The functional form of 𝑓(0) is given by  

𝑓(0) =
2

Δ𝜈𝐷𝑜𝑝
√

𝑙𝑛2

𝜋
.    (2.13) 

Here Δ𝜈𝐷𝑜𝑝 is the full width at half maximum (FWHM) of the Doppler-broadened line 

profile. The line width of a Doppler-broadened line profile is a measure of the state-

specific translational temperature: 

Δ𝜈𝐷𝑜𝑝 = √
8𝑘𝐵𝑇𝑙𝑛2

𝑚𝑐2
𝜈0,    (2.14) 

Here, 𝑇 is the translational temperature, 𝑚 is the molecular mass, 𝑐 is the speed of light, 

and 𝜈0 is line-center transition frequency. Figure 2.11 shows a transient Doppler-

broadened line profile measured for N2O in  𝐽 = 180 at 𝑡 = 60 ns following the optical 

centrifuge pulse. The observed line width Δ𝜈𝑜𝑏𝑠 corresponds to a transient line profile 

with a dynamic translational temperature 𝑇𝑡𝑟𝑎𝑛𝑠. Fitting the data to a Gaussian profile 

yields a translational temperature of 𝑇𝑡𝑟𝑎𝑛𝑠 = 607 ± 50 K. 

 
Figure 2.11 Transient Doppler-broadened line profile measured at 𝑡 = 60 ns following the 

optical centrifuge pulse for the N2O 𝐽 = 180 level at a pressure of 5 Torr. 
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Molecules with non-zero velocity components along the IR propagation vector 

absorb light at different frequencies from the center frequency based on the Doppler 

effect. The observed absorption frequency 𝜈 is shifted from line center 𝜈0 based on the 

ratio of the velocity 𝑉 to the speed of light 𝑐 via  

𝜈 = 𝜈0 (1 +
𝑉

𝑐
).   (2.15) 

When an equal number of molecules are moving towards the detector and away from 

the detector, the spectral absorption line is broadened symmetrically about the line-

center frequency 𝜈0.  

State-specific number densities 𝑛𝑣𝐽/𝑉 are determined from line-center 

fractional absorption measurements and Doppler-broadened line profiles using 

Equation 2.16, where 𝑓𝑣 and 𝑓𝐽 are fractional population in vibration and rotational level 

at 𝑇 = 296 K: 

𝑛𝑣𝐽

𝑉
=

−ln (
𝐼𝑡
𝐼0

)

𝑆𝑓(0)ℓ
𝑓𝑣𝑓𝐽

Δ𝜈𝑜𝑏𝑠

Δ𝜈𝐷𝑜𝑝
   (2.16) 

Here, 𝑓𝑣 and 𝑓𝐽 are fractional population in vibration and rotation, respectively, for the 

𝑣, 𝐽 state at 𝑇 = 296 K. The fractional population in a quantum state 𝑖 is defined by the 

Boltzmann equation  

𝑓𝑖 =
𝑔𝑖 exp (−𝐸𝑖 𝑘𝐵𝑇)⁄

𝑄𝑖
,    (2.17) 

where 𝑔𝑖 is the degeneracy and 𝑄𝑖 is the partition function. 
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2.2.2 Transient IR Absorption Experimental Components 

The optical centrifuge is used in conjunction with to a high-resolution transient 

IR absorption spectrometer to measure the state-specific relaxation dynamics of super 

rotors. State-resolved transient absorption measurements reveal how populations of 

individual rovibrational levels evolve in time. IR polarization-dependent spectroscopy 

is used to study the time evolution of orientational anisotropies of super rotors. 

Doppler-broadened line profiles are a measure of the amount of translational energy in 

a specific rotational level. Together, this information helps to elucidate the dynamics 

of collisions involved in rotational energy transfer of super rotors. 

 Figure 2.12 shows a schematic of the high-resolution IR spectrometer. The IR 

probe source is a linearly polarized quantum cascade laser (QCL) from Daylight 

Solutions operating between 𝜆 = 4.2 μm and 4.5 μm. The QCL has a frequency 

resolution of Δ𝜈𝐼𝑅 < 2 × 10−4 cm2. A half-wave plate is used to control the angle of 

IR polarization. The IR probe enters a gas cell and makes 11 passes between two gold 

mirrors before detection on a liquid nitrogen cooled indium antimonide (InSb) detector.  

 
Figure 2.12 Schematic diagram of the high-resolution IR spectrometer experimental set-up. 
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The IR detectors used in this research have rise times of either 50 ns or 100 ns. 

The transient fractional absorption signals are collected on two channels of a digital 

oscilloscope, one AC-coupled and the other DC-coupled. The AC-coupled channel is 

a measure of transient IR absorption Δ𝐼. The DC-coupled signal is a measure of the 

transient transmitted intensity 𝐼𝑡. The oscilloscope is triggered at 𝑡 = 0 by detecting the 

optical centrifuge pulse with a photodiode. For a negatively–biased IR detector, the 

AC- and DC-coupled channels are transformed into fractional absorption Δ𝐼 𝐼0⁄  using  

|
Δ𝐼

𝐼0
| =

〈𝐴𝐶〉

〈𝐷𝐶〉−〈𝐴𝐶〉
=

Δ𝐼

𝐼𝑡−Δ𝐼
.   (2.18) 

The pathlength of IR and optical centrifuge overlap is ℓ = 0.12 cm. Prior to the 

sample cell, a portion of the IR light from the QCL is split off and used for wavelength 

measurement with a wavemeter, and for active feedback control for frequency 

stabilization. Frequency control is achieved by passing the IR light either through a 

reference gas cell or a tunable Fabry-Perot etalon. A lock-in amplifier is used to lock 

the output frequency of the QCL to an absorption line of a known molecular transition 

or to a fringe of the tunable etalon. The etalon cavity length is controlled with a high-

voltage piezo controller. A voltage is sent to the piezo-mounted mirror, causing 

changes in cavity length and the integer number of wavelengths that constructively 

interfere within the cavity. The lock-in amplifier applies a voltage to the QCL to change 

the IR frequency to maintain an integer number of wavelengths in the new etalon 

cavity. This method allows for controlled tuning across a line-center absorption in small 

frequency steps of 0.001 cm-1. The wavemeter is a traveling Michelson interferometer 

that measures the IR frequency with a frequency resolution of Δ𝜈𝑤𝑚 = 0.001 cm-1. 
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2.2.3 Polarization Spectroscopy of Optically Centrifuged Molecules 

 The optical centrifuge creates an ensemble of molecules with oriented angular 

momentum vectors. Figure 2.13 shows the geometry of the interaction region, with the 

propagation vector of the optical centrifuge 𝑘⃗⃗𝑂𝐶 along the z-axis, causing molecules to 

spin in the xy-frame. The IR probe beam crosses the optical centrifuge beam 

perpendicularly and 𝑘⃗⃗𝐼𝑅 lies along the x-axis. The IR probe polarization is controlled 

using a wave plate to rotate the polarization by 90°. IR light with vertical polarization 

has an electric field 𝐸∥ that is parallel to the plane of rotation, yielding transient signals 

denoted as 𝑡∥. IR probing with horizontal polarization has an electric field 𝐸⊥ that is 

perpendicular to the plane of rotation, with transient signals denoted 𝑡⊥. 

 
Figure 2.13 Geometry of the IR detection region with either parallel or perpendicular probing 

relative to the plane of molecular rotation. 

 

Transient absorption measurements collected with both vertical and horizontal 

IR polarizations, that probe either parallel or perpendicular to the plane of molecular 

rotation, (𝑡∥ and 𝑡⊥) are used to separate in-plane and out-of-plane angular momentum 

components. In-plane transient signals 𝑡𝑧 are absorption measurements of molecules 

with a component of their angular momentum aligned with the z-axis. These are 

molecules directly prepared by the optical centrifuge that have oriented angular 
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momentum. Out-of-plane transient signals (𝑡𝑥 + 𝑡𝑦) are absorption measurements of 

molecules with a component of their angular momentum along the x- or y- axis. This 

group consists of bath molecules or super rotor molecules that have been reoriented 

due to collisions. In-plane and out-of-plane signals are defined by 

𝑡𝑧 = 2𝑡∥ − 𝑡⊥    (2.19) 

and 

𝑡𝑥 + 𝑡𝑦 = 2𝑡⊥,    (2.20) 

respectively. The orientational anisotropy 𝑟 shown in Equation 2.21 is a fractional 

measure of molecules with in-plane components relative to all molecules in a given 

quantum level  

𝑟 =
𝑡𝑧

𝑡𝑥+𝑡𝑦+𝑡𝑧
=

2𝑡∥−𝑡⊥

2𝑡∥+𝑡⊥
.    (2.21) 

2.2.4 Gas Kinetic Rate Constants 

 The number of collisions in the experiments presented here is controlled using 

pressure. Reduced pressure leads to a longer time between collisions, and thereby gives 

access to dynamic information that is closer to the nascent distribution of centrifuged 

molecules. The pressures used in this research range from 500 mTorr to 10 Torr, with 

measurements at 𝑡 = 100 ns, corresponding to nascent distributions for the former 

pressure and approximately 10 collisions for the latter pressure. 

 The collision rate in a gas-phase sample is given by  

𝑑𝑁𝑐𝑜𝑙

𝑑𝑡
= 𝑘𝑐𝑜𝑙𝜌,    (2.22) 
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where 𝑁𝑐𝑜𝑙 is the number density of collisions, 𝑡 is time, 𝜌 is the number density of the 

gas, and 𝑘𝑐𝑜𝑙 is the collision rate constant. The thermally averaged collision rate 

constant is defined by 

𝑘 = 𝜎〈𝑣𝑟𝑒𝑙〉,    (2.23) 

where 𝜎 is the collision cross section and 〈𝑣𝑟𝑒𝑙〉 is the average relative velocity, defined 

by 

 〈𝑣𝑟𝑒𝑙〉 = √
8𝑘𝐵𝑇

𝜋𝜇
.   (2.24) 

A hard-sphere model defines the collision cross section by 𝜎 = 𝜋𝑑2 where 𝑑 is the 

effective radius of the collision pair. A Lennard-Jones model uses the distance 

parameter 𝜎𝐿𝐽 and well depth of a potential 𝜀 defined by 

  𝑉𝐿𝐽(𝑟) = 4𝜀 ((
𝜎𝐿𝐽

𝑟
)

12

− (
𝜎𝐿𝐽

𝑟
)

6
)  (2.25) 

to measure to a Lennard-Jones collision rate constant given by 

𝑘𝐿𝐽 = 𝜋𝜎𝐿𝐽
2 Ω(2,2)∗𝑣𝑟𝑒𝑙.  (2.26) 

The collision integral Ω(2,2)∗ is determined at a reduced temperature 𝑇∗ = 𝑘𝐵𝑇/𝜀 as 

follows: 

Ω(2,2)∗ = 1.16145(𝑇∗)−0.14874 + 0.52487 exp(−0.7732 𝑇∗) +

2.16178 exp(−2.438787 𝑇∗)     (2.27) 



 

 

29 

 

 

The average time between collisions is determined from the collision rate constant 

using  

  
𝑑𝑡

𝑑𝑁𝑐𝑜𝑙
= (𝑘𝑐𝑜𝑙 𝜌)−1.   (2.28) 

Tables 2.4 and 2.5 show the average time between collisions using collision rate 

constants from hard sphere and Lennard-Jones models for CO, CO2, and N2O at 

pressures of 500 mTorr to 10 Torr.  

Table 2.4 Average time between collisions based on 

hard-sphere rate constants 

 

𝑃(Torr) 𝜌(cm-3) 𝑑𝑡 𝑑𝑁𝑐𝑜𝑙 ⁄ (ns) 

CO CO2 N2O 

0.5 1.6 × 1016 240 260 240 

2.5 8.1 × 1016 48 52 49 

5.0 1.6 × 1017 24 26 24 

10 3.2 × 1017 12 13 12 

 

Tables 2.2 and 2.3 show the parameters and collision rate constants at 300 K using 

hard sphere and Lennard-Jones models, respectively. 

Table 2.2 Hard-sphere parameters and collision rate constants at 300 K  

 𝜎𝐻𝑆  (pm) 

 

𝜇 (10-26 kg)  𝑣𝑟𝑒𝑙 (m s-1) 𝑘𝐻𝑆 (10-10 cm3 s-1) 

CO 350 2.34 672 2.58 

CO2 375 3.67 536 2.37 

N2O 388 3.67 536 2.53 

 

 

Table 2.3 Lennard-Jones parameters and collision rate constants at 300 K 

 

 𝜀/𝑘𝐵 (K) 𝜎𝐿𝐽 (pm) 𝜇 (10-26 kg) 𝑣𝑟𝑒𝑙 (m s-1) 𝑘𝐿𝐽 (10-10 cm3 s-1) 

CO 135 350 2.34 672 2.93 

CO2 246 375 3.67 536 3.42 

N2O 220 388 3.67 536 3.47 
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Table 2.5 Average time between collisions based on 

Lennard-Jones rate constants 

 

𝑃(Torr) 𝜌(cm-3) 𝑑𝑡 𝑑𝑁𝑐𝑜𝑙⁄  (ns) 

CO CO2 N2O 

0.5 1.6 × 1016 210 180 180 

2.5 8.1 × 1016 42 36 36 

5 1.6 × 1017 21 18 18 

10 3.2 × 1017 10 9 9 
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Chapter 3: Transient Spectroscopy and Collision Dynamics of 

Optically Centrifuged N2O 
Adapted from: H. M. Ogden, T. J. Michael, M. Murray, A. S. Mullin, Transient IR 

(0001 − 0000) absorption spectroscopy of optically centrifuged N2O with extreme 

rotation up to 𝐽 =  205. J. Quant. Spectrosc. Radiat. Transf. 2020, 246. 

 

In this work, I collected and analyzed the transient absorption measurements of N2O 

and edited the manuscript. 

3.1 Introduction 

In this chapter, new IR transitions are reported for optically centrifuged N2O, 

and the collisional relaxation dynamics of the rotationally excited molecules is 

investigated. The main isotopologue of N2O is rotationally excited to high-𝐽 levels with 

an optical centrifuge, and 𝑅-branch 𝜈3 transitions for levels with 𝐽 = 92 to 205 are 

measured using high-resolution transient IR absorption spectroscopy. The collisional 

relaxation of super rotors with 𝐽 = 92 to 205 is characterized by collecting 

polarization-dependent, Doppler-broadened line profiles. Transient absorption signals 

and Doppler profiles are converted to number densities. Doppler-broadened profiles 

reveal the amount of translational energy gained for in-plane and out-of-plane rotors in 

levels with 𝐽 = 92 to 205. Polarization-dependent measurements reveal the 

orientational anisotropy of N2O molecules prepared in the optical centrifuge and in the 

relaxation process.  

Nitrous oxide, N2O, is an important species in many environments, and high-

resolution IR spectra have been reported previously for transitions with 𝐽 ≤ 100. In 

1987, Toth reported IR transitions involving levels up to 𝐽 = 92 at 300 K.33 A number 

of studies have reported molecular constants for vibrational hot bands.34–37 In 2011, the 

Mullin group extended the experimental observation of N2O (0000) 𝜈3 transitions to 
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𝑅100 using optical centrifuge excitation and single-pass transient IR detection.28 In 

2014, Ting et. al. reported 𝜈3 transition frequencies up to 𝑅100 with 10 kHz 

precision.38 Here, we extend the observed transitions to 𝑅205, which is made possible 

by the addition of a multi-pass IR detection cell to the optical centrifuge spectrometer.  

In lieu of experimental observations of high-𝐽 transitions for N2O, the high-

temperature spectrum has been calculated with global modeling of line positions using 

an effective Hamiltonian with vibrational polyads.39 This approach uses 138 

parameters, and successfully reproduces accurate line positions for more than 37,000 

measured line positions of 325 vibrational bands. Two high-temperature spectral 

databases, NOSD-1000 and HITEMP, include calculated IR transitions for high-𝐽 

transitions of N2O.40,41 The maximum 𝐽-level listed in the HITEMP database is near 

𝐽 = 100.  

High-𝐽 transitions, identified here as 𝜈𝑒𝑥𝑡, were extrapolated from low-𝐽 

HITRAN energies.42 Molecular constants were determined from data for 𝐽 ≤  90 using 

an energy expansion in 𝐽(𝐽 + 1), where 𝐸𝑛(𝐽) = 𝑣𝑛 + 𝐵𝑛𝐽(𝐽 + 1) − 𝐷𝑛(𝐽(𝐽 + 1))2 +

𝐻𝑛(𝐽(𝐽 + 1))3 and 𝑛 is the number of quanta in the 𝜈3 mode. The molecular constants 

in units of cm-1 are 𝑣0 = 0, 𝐵0 = 0.41901, 𝐷0 = 1.7609 × 10−7, 𝐻0 = −1.6687 ×

10−14, 𝑣1 = 2223.757, 𝐵1 = 0.41556, 𝐷1 = 1.7547 × 10−7, and 𝐻1 = −1.3351 ×

10−14. Line positions for the 𝜈3 transitions were also calculated up to 𝐽 =  205 from 

the set of effective Hamiltonian parameters developed by V.I. Perevalov and 

coworkers.39 Line positions from the effective Hamiltonian calculations are identified 

here as 𝜈𝑐𝑎𝑙𝑐. The observed transitions 𝜈𝑜𝑏𝑠 are compared to both extrapolated line 

positions 𝜈𝑒𝑥𝑡 and calculated line positions 𝜈𝑐𝑎𝑙𝑐.  
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A portion of the calculated 𝑅-branch transitions is shown in Figure 3.1, based 

on a 1000 K distribution. A band head is seen at 𝑅116 and transitions for higher-𝐽 

levels lie between known lower-𝐽 transitions. This feature is used to measure new high-

𝐽 transitions with spectral fingerprinting. 

 
Figure 3.1 Calculated 𝜈3 𝑅-branch transitions for high-𝐽 levels of N2O. Transitions have been 

observed previously up to 𝐽 = 100. 

 

After identifying the line-center transitions, the collision dynamics for levels 

with 𝐽 =  92 to 195 at a pressure of 5 Torr were investigated using polarization-

dependent high-resolution transient IR absorption spectroscopy. Doppler-broadened 

line profiles were measured using vertical and horizontal IR polarizations and the time-

dependent translational energy gains of in-plane and out-of-plane super rotors were 

determined. The transient IR absorption signals and Doppler profiles were used to 

calculate absolute number densities and to measure the orientational anisotropy of in-

plane rotors during collisional relaxation.   
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3.2 Experimental Methods 

Figure 3.2 shows a schematic diagram of the optical centrifuge transient IR 

absorption spectrometer. In the work reported here, an optical centrifuge was used to 

excite a 300 K sample of N2O into extreme rotational levels with oriented angular 

momentum. High-resolution transient IR absorption spectroscopy of individual 

rotational levels was performed with a quantum cascade laser, a multi-pass detection 

cell, and active feedback control of the IR wavelength. The optical centrifuge 

spectrometer has been described in detail in Chapter 2, and the key features are given 

below. 

3.2.1 Optical Centrifuge Excitation of N2O (0000) 

The spectrum of the oppositely chirped pulses used to rotationally excite N2O 

is shown in Figure 3.2a. The trap intensity is shown in Figure 3.2b as a function of 

instantaneous angular frequency Ω𝑂𝐶 where Ω𝑂𝐶(𝑡) =
1

2
(𝜔1(𝑡) − 𝜔2(𝑡)). For these 

measurements, an optical coating flaw at 𝜆 = 788 nm led to a drop in trap intensity 

near Ω𝑂𝐶 = 5.0 × 1013 radians s-1. The highest rotational level measured here is 𝐽 =

 205, for which 𝐸𝑟𝑜𝑡  >  17000 cm-1 and rotational angular frequency is Ω𝐽 =

3.2 × 1013 radians s-1. 
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Figure 3.2 a) Spectrum of the chirped pulses that form the optical centrifuge. b) Intensity of the 

optical centrifuge field as a function of angular frequency. 

3.2.2 High-Resolution Transient IR Absorption Spectrometer 

The optical centrifuge is coupled to a high-resolution transient IR absorption 

spectrometer to measure the appearance of molecules in high-𝐽 levels and identify new 

spectral lines. New 𝑅-branch transitions were measured for states with 𝐽 =  140 to 

205, corresponding to the wavelength range of the IR laser output. The cell pressure 

was 5 Torr, for which the average time between collisions is approximately 20 ns. 

Collision numbers reported in this paper are based on a Lennard-Jones collision rate 

constant. Transient signals measured at 𝑡 =  60 ns after the centrifuge pulse correspond 

to populations that have undergone 3 collisions on average. Spectroscopic grade N2O 

(99.99% purity) was used.  

IR transition frequencies were determined using high-resolution transient 

spectral fingerprinting and a wave meter with an effective resolution that is better than 
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Δ𝜈𝑤𝑚 = 1 × 10−3 cm-1. The wavemeter is internally calibrated using a stabilized 

HeNe transition. Transient fingerprint spectra were recorded by starting at a known 

N2O transition and stepping the IR frequency in steps of 𝛿𝜈 < 0.001 cm-1. The accuracy 

of the wavemeter readings was established by locking the IR probe laser output 

frequency to a transition involving a thermally populated N2O state and comparing with 

known transition frequencies. The detector used in these experiments has a rise time of 

50 ns.  

Polarization-dependent Doppler-broadened line profiles were measured for 

N2O with 𝐽 = 92 to 195 levels. Transient signals were collected at discrete IR 

wavelengths as the probe laser was tuned across the line profile in approximately 40 

steps. Doppler profiles at discrete times were fit to Gaussian functions and time-

dependent translational temperatures were extracted from the widths of the fitted 

profiles. 

3.3 Results 

Here, the transition frequencies for N2O (0001 − 0000) 𝑅-branch transitions 

with 𝐽 =  140 to 205 using transient IR absorption spectroscopy are reported. Line 

positions were determined using spectral fingerprinting for four transitions. Line 

positions for 7 additional transitions were measured with the wavemeter. Polarization-

dependent transient Doppler profiles were measured as a function of  𝐽 to show how 

line widths are affected by optical centrifuge excitation and by collisions. Time-

dependent line profiles give information about the collisional energy transfer and 

orientational anisotropy of N2O super rotors. 
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3.3.1 Transient Spectroscopy of Optically Centrifuged N2O 

Figure 3.3a shows the transient absorption signal at line center for the 𝑅140 

transition near 2271 cm-1. The 𝑅140 transition frequency is between 𝑅92 and 𝑅93, as 

shown in the transient spectrum in Figure 3.3b. The spectrum is shown at three times 

following the centrifuge pulse. The fingerprint scans show that the 𝑅140 intensity 

increases from 𝑡 =  60 to 120 ns and then decreases from 𝑡 = 120  to 200 ns, whereas 

the 𝑅92 and 𝑅93 intensities increase ten-fold from 𝑡 =  60 ns to 200 ns. The 

population changes arise from rotational energy transfer as the optically centrifuged 

molecules return to equilibrium populations through collisions. The initial increase in 

the 𝑅140 signal shows that the centrifuge pulse initially prepares molecules in levels 

higher than 𝐽 = 140, and that population passes through this level during the relaxation 

process. The scan for 𝑅140 at 𝑡 = 60 ns shows that the population in 𝐽 = 140 is 

comparable to those for 𝐽 = 92 and 93. 
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Figure 3.3 Line-center transient absorption measurements for a) 𝑅140 and c) 𝑅195 of N2O. 

Transient fingerprint scans at 𝑡 =  60, 120, and 200 ns after optical centrifuge excitation for b) 

𝑅140 and d) 𝑅195.  

 

Figure 3.3c shows the line center transient signal for 𝑅195. Two components 

are present: a prompt population that is formed in the centrifuge and a delayed 

population that comes from collisional cooling of centrifuged molecules. Spectral 

fingerprinting for 𝑅195 uses 𝑅68 𝑒, 𝑓 transitions of the (0111 − 0110) band, as shown 

in Figure 3.3d. The 𝑅195 transition is most intense at 𝑡 =  60 ns and has decreased by 
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a factor of four at 𝑡 = 200 ns. Population in the bending state increases by a factor of 3 

over the same time period, as a result of collisional energy transfer. The time-dependent 

scans show how population is initially created in high-𝐽 levels with the optical 

centrifuge pulse and then collisions redistribute the energy into lower rotational levels 

and possibly vibrational levels that are not easily populated with traditional optical 

methods. The N2O (0110) bending mode can be populated by rotation-to-

vibration/rotation energy transfer from the (0000) state or by rotational excitation of 

(0110) state that is 8% of vibrational distribution at 300 K. In other optical centrifuge 

experiments, we have detected transient absorption of CO2 (0330) 𝑃43, resulting from 

collisions; it is likely that the one quantum of the bend for N2O is also populated by 

collisions.43 Further evidence of the population inversion created by the optical 

centrifuge pulse is seen by comparing the peak intensities of 𝑅140 and 𝑅195. The peak 

intensity of 𝑅195 is 4-fold larger than that for 𝑅140. 

Absolute line center frequencies 𝜈𝑜𝑏𝑠 were determined through a combination 

of spectral fingerprinting and wavemeter measurements. Values of 𝜈𝑜𝑏𝑠 are listed in 

Table 3.1 for eleven IR transitions. The uncertainty in line position is indicated by the 

number in parentheses. In all cases, the transition frequencies were determined by 

collecting transient absorption signals at discrete IR wavelengths. Line positions for 4 

transitions were determined by measuring Doppler-broadened line profiles (described 

in the next section). These line positions are reported with an uncertainty of δ𝜈𝑜𝑏𝑠 =

±0.002 cm-1. Line positions for the remaining transitions were determined by scanning 

across the line profile in larger frequency steps than those used for the Doppler 

measurements and have a conservative uncertainty of δ𝜈𝑜𝑏𝑠 = ±0.01 cm-1.     
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𝐽 𝐸𝐽 a 𝜈𝑜𝑏𝑠 𝜈𝑐𝑎𝑙𝑐 b 𝜈𝑒𝑥𝑡 (cm-1) c 

140 8202 2271.108(2) 2271.0908 2271.117 

160 10677 2266.197(2) 2266.1457 2266.199 

165 11344 2264.50(1) 2264.4482 2264.511 

167 11617 2263.79(1) 2263.7173 2263.785 

169 11892 2263.02(1) 2262.9569 2263.030 

170 12031 2262.64(1) 2262.5655 2262.641 

180 13464 2258.348(2) 2258.2443 2255.350 

190 14973 2253.32(1) 2253.1800 2253.327 

195 15756 2250.544(2) 2250.3687 2250.540 

203 17049 2245.71(1) 2245.4827 2245.703 

205 17380 2244.43(1) 2244.1865 2244.420 

a. Energies of N2O (0000) levels based on effective Hamiltonian calculations from Ref 39. 

b. Calculated transitions from Ref 39. 

c. Transition frequencies based on extrapolation of a third order polynomial expansion from 

Ref 42. 

The observed line positions 𝜈𝑜𝑏𝑠 are compared with the predicted frequencies 

𝜈𝑐𝑎𝑙𝑐 and 𝜈𝑒𝑥𝑡 in Figure 3.4. In all cases, the predicted frequencies are remarkably 

similar to the observed values, given the large values of 𝐽 and rotational energy. The 

extrapolated frequencies using a simple polynomial expansion in 𝐽(𝐽 + 1) essentially 

match the observed values, and the calculated frequencies using an effective 

Hamiltonian show slight deviations with a small 𝐽-dependent increase. 

Table 3.1 Observed, calculated, and extrapolated 𝜈3 𝑅-

branch N2O line positions in (cm-1) 
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Figure 3.4 Deviations of observed and predicted frequencies for N2O high-𝐽 𝑅-branch 

transitions. 

 

The predicted frequencies from the extrapolated data are based on a perturbative 

treatment of rotational energy with the rigid rotor model as the reference system. This 

model does not explicitly include all vibrational modes of the molecule. The deviations 

for the extrapolated frequencies are surprisingly small, given the simplicity of the 

model. 

The effective Hamiltonian accounts for rotation, vibration, and their couplings, 

and is therefore a much more realistic model than the perturbative expansion.39 This 

model also successfully predicts the observed transitions. The deviations from the 

observed transition frequencies correspond to less than one part in 104. At first glance, 

it is surprising that transitions from the effective Hamiltonian deviate from the observed 

transitions more than those for the simple perturbative expansion. It should be kept in 

mind, however, that data for high-𝐽 transitions were not available when the effective 

Hamiltonian calculations were performed. Being able to observe previously unknown 

rotational transitions with optical centrifuge excitation will allow for further refinement 

of sophisticated effective Hamiltonian modeling.   
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3.3.2 Transient Populations and Line Profiles of High-𝑱 N2O 

The pulsed optical centrifuge excitation imparts large amounts of rotational 

energy to the sample, and gives rise to time-dependent line intensities and profiles. The 

time evolution of the spectral lines gives information about the energy relaxation 

process. Here we report the time evolution of 𝐽-dependent number densities and 

Doppler-broadened line profiles for 𝐽 =  140 to 195 of N2O. The orientational 

anisotropy of in-plane rotors is also discussed.  

The full bandwidth optical centrifuge produces angular acceleration up to 

Ω𝑚𝑎𝑥 = 6.0 × 1013 radians s-1, which is estimated to excite N2O levels as high as 𝐽 =

385 with rotational energy 𝐸𝑟𝑜𝑡 > 60,000 cm-1. The reduced optical bandwidth 

centrifuge produces angular acceleration up to Ω𝑚𝑎𝑥 = 5.0 × 1013 radians s-1, which 

corresponds to excitation to levels as high as 𝐽 = 310 with rotational energy 𝐸𝑟𝑜𝑡 >

45,000 cm-1. Figure 3.5 compares the line-center transient signal of 𝑅195 under the 

same conditions using full and reduced optical bandwidths, with all other experimental 

conditions being similar. The reduced bandwidth increases population in 𝐽 = 195 by 

12-fold. 

 

Figure 3.5 Transient signal of 𝐽 = 195 that was populated using the full bandwidth centrifuge 

(left) and the reduced bandwidth centrifuge (right). The IR probe polarization was vertical. 
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Polarization-dependent spectroscopy was used to characterize the orientational 

anisotropy of optically centrifuged N2O. Line-center transient absorption signals were 

collected for rotational levels with 𝐽 =  92– 195 using vertically and horizontally 

polarized IR light, as shown in Figure 3.6a. The raw transient signals were converted 

to in- and out-of-plane transients, as shown in Figure 3.6b. The intensities of the in-

plane transient signals increase with 𝐽, indicating an inverted rotational population. 

The 𝐽 = 195 transient signal is prompt, indicating that this state is populated directly 

by the optical centrifuge, whereas the 𝐽 = 92 signal grows in more slowly due to 

collisional energy transfer. The in-plane signals are larger than the out-of-plane signals 

for higher-𝐽 levels showing a high degree of orientational anisotropy for molecules 

prepared by the optical centrifuge. In contrast, the in-plane and out-of-plane signals for 

𝐽 = 92 have comparable intensities, showing that they have comparable populations.  

 
Figure 3.6 Line-center transient signals of 𝐽 = 92 to 195 using vertical and horizontal polarized 

IR light. b) Transient signals were converted to in-plane and out-of-plane signals from 

measurements collected with vertical and horizontal polarized IR light.  

 

State-specific number densities 𝑁(𝐽) were determined from transient 

absorption signals using 𝑁(𝐽) = − ln(𝐼𝑡 𝐼0⁄ ) (𝑆296(𝐽) 𝑓(0) ℓ)⁄ ∙ 𝑓𝑣𝑓𝐽  ∙ (∆𝜈𝑜𝑏𝑠 ∆𝜈296⁄ ).  
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Values of 𝑆296(𝐽)/𝑓𝑣𝑓𝐽   for the high-𝐽 transitions were determined from known line 

strength values and transition dipole moments using the approach of Gamache and 

Rothman.42 The line strength values have a fractional uncertainty less than 0.01. The 

fractional uncertainties in 𝐼𝑡 𝐼0⁄  and ∆𝜈𝑜𝑏𝑠 are each less than 0.10; the overall fractional 

uncertainty in 𝑁(𝐽) values is less than 0.21. Figure 3.7 shows in-plane (red) and out-

of-plane (blue) N2O (0000) populations after 3 − 6 collisions on average following the 

optical centrifuge pulse. After 3 collisions (𝑡 =  60 ns), the population inversion of in-

plane molecules created by the centrifuge pulse is clear, with the 𝐽 =195 population 

nearly 3-fold larger than that for 𝐽 =  92. By 6 collisions (𝑡 = 120 ns), collisional 

energy transfer has nearly doubled the population in 𝐽 = 92 and reduced the 𝐽 =195 

population by a factor of 4. The out-of-plane population is significantly smaller than 

the in-plane population and shows similar time-dependent shifts toward lower-𝐽 levels 

through collisional relaxation.  
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Figure 3.7 Number densities of in-plane (red) and out-of-plane (blue) N2O with 𝐽 = 92 to 195, 

showing collisional energy transfer from 3 to 6 collisions (t = 60-120 ns) after the optical 

centrifuge pulse.  

 

The transient line profiles for the 𝑅92 to 𝑅195 transitions are Doppler-

broadened, and give information about 𝐽-specific translational energy distributions. 

The in-plane (red) and out-of-plane (blue) Doppler profiles at 𝑡 = 60 ns are shown in 

Figure 3.8, along with Gaussian fitting results. From 𝑅92 to 𝑅195, the line widths 

become narrower, showing that the average translational energy decreases with 

increasing 𝐽 level. The peak intensities increase with 𝐽 because of the population 

inversion.  
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Figure 3.8 In-plane (IP, red) and out-of-plane (OOP, blue) Doppler-broadened line profiles for 

𝐽 = 92 − 195 at 𝑡 = 60 ns. 

 

The time-dependent in-plane and out-of-plane translational temperatures for 

N2O with 𝐽 = 92 − 195 are plotted in Figure 3.9a and 3.9b. For the levels measured, 

the translational temperatures are all greater than 300 K due to rotation-to-translational 

energy transfer. The 𝐽-dependence shows that higher-𝐽 levels gain less translational 

energy than the lower-𝐽 levels, for both in-plane and out-of-plane measurements. The 

time-dependence for in-plane rotors 𝐽 ≥ 160 shows that the translational energy gain 

increases as more collisions occur. The 𝐽 = 195 translational energy remains relatively 

flat from 𝑡 = 40 to 80 ns, corresponding to 2 to 4 collisions on average at a pressure 

of 5 Torr. Around 𝑡 = 90 ns, or 5 collisions, the translational energy gain increases 

steadily for 𝐽 = 180 and 195, while the translational energy gain increases rapidly for 

𝐽 = 160. Further down the collisional cascade 𝐽 = 92 is populated with high 

translational energy near 𝑇 = 2500 K at 𝑡 =  50 ns (after 2 to 3 collisions). For the 

highest energy levels, the population is gone before the line profiles narrow, showing 

that rotational relaxation is faster than translational quenching. For the lower rotational 

levels, such as 𝐽 = 92, collisions between bath molecules and super rotor molecules 

produce population with large translation after the first few collisions and continue to 

populate as the higher levels relax through lower levels. Interestingly, the in-plane and 
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out-of-plane translational energies are similar for 𝐽 = 180 − 195. The out-of-plane 

translational energy is initially hotter for 𝐽 = 160 near 𝑇 = 1500 K than the in-plane 

translation near 𝑇 = 600 K. For 𝐽 = 92, the out-of-plane translation is cooler than the 

in-plane translation at all times.  

 

Figure 3.9 a) In-plane and b) out-of-plane translational energy over time for N2O molecules 

with 𝐽 = 92 − 195. 
 

The observed 𝐽-dependent data in Figure 3.9 provide insight as to how 

collisions disperse the rotational energy of centrifuged molecules. Generally speaking, 

the relaxation of centrifuged molecules occurs by two limiting cases: resonant- and 

non-resonant energy transfer, depending on the 𝐽 level of their collision partner. The 

amount of translational energy in the collision products increases based on the 

rotational energy difference of the colliding molecules.  

In one case, near-resonant energy transfer occurs in collisions of two 

centrifuged molecules that involve ∆𝐽 = ±1 transitions. In this case, ∆𝐸𝑢𝑝 and ∆𝐸𝑑𝑜𝑤𝑛 

values are nearly equal in magnitude, leaving negligible energy available for 

translation. On the other hand, collisions of centrifuged molecules with low-𝐽 



 

 

48 

 

molecules that have ∆𝐽 = ±1, transitions result in large amounts of translational 

energy, because the rotational energy transfer is non-resonant. Because rotational 

energy scales roughly as 𝐽2, lower-𝐽 levels gain more translational energy than ones 

that are closer to the initial levels prepared in the centrifuge. This behavior is clearly 

seen for the in-plane molecules in Figure 3.9a. Of course, 𝐽-changing collisions are not 

limited to ∆𝐽 = ±1 and collision products will have low translational energies as long 

as the rotational energy transfer is resonant or near resonant. Furthermore, the 

observation of translational broadening even for 𝑅195 at 𝑡 =  60 ns indicates that the 

optical centrifuge initially prepares N2O molecules well above 𝐽 = 200. It should be 

possible in future studies to observe N2O transitions with 𝐽 > 200 by extending the IR 

tuning range in our transient spectrometer.   

The efficiency of energy transfer to occur from rotation-to-translation through 

collisions is examined by the timescales involved in the process. Two timescales are 

considered: the rotational period of the molecule 𝑡𝑟𝑜𝑡 = 2𝜋/𝜔𝑟𝑜𝑡 and the duration of 

the collision 𝑡𝑐𝑜𝑙. The adiabaticity parameter 𝑎 compares both timescales and is defined 

as 

𝑎 = 𝑡𝑐𝑜𝑙/𝑡𝑟𝑜𝑡     (3.1) 

For long interactions between two colliding molecules in which one completes many 

revolutions compared to the other, rotation-to-translation energy transfer is inefficient 

and the collision is considered adiabatic. This occurs when 𝑎 > 1. When the timescales 

become comparable to, or faster than, the revolution of the molecule, then rotation-to-

translation energy transfer is efficient, and the collision is considered sudden or 

impulsive. This situation occurs when 𝑎~1 (or smaller).  
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Molecules with lower angular frequencies, such as 𝐽 = 92 (1.45 × 1013 radians 

s-1), rotate more slowly than a super rotor, and have longer collisional interactions times 

that lead to large translational energy gains, as seen in Figure 3.10. Molecules in 𝐽 =

160 initially have translational energy near 𝑇𝑡𝑟𝑎𝑛𝑠 = 500 K at 𝑡 = 50 ns and then 

steadily gain 900 K in translation by 𝑡 =  100 ns. This large translational energy gain 

is characteristic of non-resonant, sudden collisions.  

The data from Figure 3.9 were used to characterize the transition from the 

adiabatic to sudden collision regime for N2O, as shown in Figure 3.10. At the earliest 

time in Figure 3.10a, molecules in 𝐽 = 92 level are populated by non-resonant 

collisions between a bath molecule with a super rotor or a centrifuged molecule that 

fell out of the trap. The collision dynamics that populate the 𝐽 = 92 level are sudden, 

and result from rotation-to-translation energy transfer. Molecules in levels with 𝐽 =

160, seen in Figure 3.9a, undergo non-resonant collisions that result in translational 

energy gain. A range of interaction timescales for N2O-N2O collisions were determined 

as 𝑡𝑐𝑜𝑙 = 0.45 ps to 0.26 ps by defining 𝑎 = 1 to occur somewhere between 𝐽 = 92 

and 160 (Figure 3.10). 

 
Figure 3.10 Adiabaticity curve for N2O where 𝑎 = 1 occurs at 𝐽 = 92 and 𝐽 = 160 and shown 

as a dashed line. 
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Figure 3.11 shows the time-dependent orientational anisotropy 𝑟 for N2O with 

𝐽 = 92 − 195 based on polarization-dependent absorption measurements. In each plot, 

the grey dashed line at 𝑟 = 1.00 indicates a distribution with all molecules rotating in 

the xy-plane defined by the optical field of the centrifuge pulse. The line at 𝑟 = 0.33 

corresponds to an isotropic distribution of angular momentum orientations. The 

anisotropy values shown in Figure 3.11 increase for molecules that have higher angular 

momentum. Molecules in the 𝐽 = 195 level initially have orientational anisotropy 

values of 𝑟 = 0.85 at 𝑡 = 50 ns (or 2.5 collisions on average). The high degree of 

orientational anisotropy indicates that most molecules in this level were directly created 

in the centrifuge and are spinning in the original plane of rotation. At 𝑡 = 50 ns, 

molecules in lower-𝐽 levels, such as 𝐽 = 92, have orientational anisotropy values of 

𝑟 = 0.65, which is closer to an isotropic distribution. By 𝑡 = 100 ns, or 5 collisions on 

average, 𝐽 = 195 has orientational anisotropy of 𝑟 = 0.79. Molecules further down the 

collisional cascade with 𝐽 = 160 initially have anisotropy values near 𝑟 = 0.77 and 

decrease to 𝑟 = 0.65 after 5 collisions. Interestingly, the anisotropy of the 𝐽 = 92 level 

persists out to 𝑡 = 400 ns (20 collisions) without returning to an isotropic distribution. 

This observation shows that high-𝐽 N2O molecules tend to retain the projection of their 

angular momentum vector as they undergo collisional relaxation.  

Figure 3.11 Orientational anisotropy 𝑟 of in-plane super rotors as a function of time for 

rotational levels 𝐽 = 92 − 195. 
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 Super rotors prepared in the optical centrifuge behave as molecular gyroscopes, 

with angular momentum affecting the extent to which the molecules tend to retain their 

initial plane of orientation through collisions. The persistence in orientational 

anisotropy is associated with the change in tilt angle 𝑑𝜑 that is induced during a 

collision, as indicated in Equation 3.2 

𝑑𝜑 =
𝐾𝑑𝑡

𝐿
 .    (3.2) 

 Here 𝐾 is torque on the molecule from the collision and 𝐿 is the molecule’s classical 

angular momentum. For a N2O molecule in 𝐽 = 195, the maximum collision-induced 

tilt angle is 𝑑𝜑 = 9°, based on a 300 K collision with a relative velocity that is 

perpendicular to the plane of molecular rotation. For a molecule in 𝐽 = 92, the 

maximum collision-induced tilt angle is 𝑑𝜑 = 19°. Large amounts of angular 

momentum slow down orientational randomization. This behavior was observed in the 

Mullin group in a previous polarization-dependent study of CO2 with 𝐽 = 76 − 100.44 

Murray et. al. found that molecules in the 𝐽 = 100 level have larger anisotropy values 

that persist for twice as long as molecules in 𝐽 = 76. For a CO2 molecule in 𝐽 = 100, 

the maximum collision-induced tilt angle is 𝑑𝜑 = 12°. The 𝐽 = 92 level of N2O has 

an angular frequency of Ω92 = 1.45 × 1013 radians s-1 similar to the 𝐽 = 100 level in 

CO2 with Ω100 = 1.47 × 1013 radians s-1, but N2O retains higher orientational 

anisotropy throughout the same number of collisions. CO2 in 𝐽 = 100 relaxes to 

isotropic orientations with anisotropy values of 𝑟 = 0.33 after 20 collisions, whereas 

N2O in 𝐽 = 92 persists with orientational anisotropy of 𝑟 = 0.67 throughout 20 

collisions. 
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3.4 Conclusion 

The work reported here demonstrates that the optical centrifuge is a powerful 

technique for populating high rotational levels without having to perform experiments 

under high temperature conditions. When coupled with high-resolution transient IR 

absorption probing, new transition frequencies for high-𝐽 levels can be measured within 

0.01 cm-1. Here, new 𝑅-branch transitions for N2O (0001 − 0000) absorption up to 

𝑅205 are reported. These measurements greatly extend previous observations of 

transitions up to 𝑅100, and provide a direct comparison with a theoretical model of 

high temperature spectral lines, thereby helping to validate and refine the model.28,33 

Polarization-dependent Doppler broadened line profiles of 𝐽 = 92 − 195 show small 

translational energy gain for collisions that result in near-resonant energy transfer and 

large translational gain from non-resonant collisions. Orientational anisotropy of in-

plane super rotors reveal high anisotropy near 𝑟 = 0.85 for molecules with 𝐽 = 195, 

showing a high degree of orientated angular momentum for this level. The persistence 

in orientational anisotropy over time is attributed to the gyroscopic behavior of 

molecular super rotors. In a broader sense, the information gained from this study will 

enhance tools for characterizing remote and high temperature environments and for 

modeling molecules in extreme rotational levels. 
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Chapter 4: State-Resolved Rotational Distributions and 

Collision Dynamics of CO Molecules Made in a Tunable 

Optical Centrifuge 
Adapted from: T. J. Michael, H. M. Ogden, A. S. Mullin, State-Resolved Rotational 

Distributions and Collision Dynamics of CO Molecules Made in a Tunable Optical 

Centrifuge. J. Chem. Phys. 2021, 154. 

 

I collected and analyzed the polarization-dependent transient absorption measurements 

of CO and prepared the manuscript. 

4.1 Introduction 

Here we control the rotational excitation of CO and explore, using high-

resolution, polarization-dependent transient IR spectroscopy, how the nascent 

rotational distribution is affected by the time-dependent shape of the optical trap. Time-

dependent population measurements were performed to characterize how the nascent 

distribution and the orientational anisotropy are relaxed by collisions. Transient 

Doppler line profiles provide information about the state-dependent translational 

energy gain from rotational energy transfer.   

We have reported two previous studies on collisions of optically centrifuged 

CO. The first study used high-resolution transient IR absorption probing in a single-

pass detection configuration to characterize the collision-induced population changes 

of individual rotational levels with 29 ≤ 𝐽 ≤ 39.45 Overall decay rates for these levels 

increase with increasing 𝐽, consistent with the initial creation of an inverted rotational 

distribution, followed by a cascade of collisional cooling. No population was detected 

in levels with 𝐽 > 39 because collisional cooling of higher 𝐽 levels was faster than the 

instrument response time. Doppler profiles for the 𝐽 = 29 level indicated that the 

rotational energy transfer to this level involves large |∆𝐽| events, based on line 
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broadening corresponding to a translational temperature of 𝑇𝑡𝑟𝑎𝑛𝑠 = 800 K after 10 gas 

kinetic collisions.  

A second study of optically centrifuged CO measured transient population in 

the 𝐽 = 62 to 73 levels, made possible by the implementation of a multipass detection 

scheme.46 At pressures of 25 to 100 Torr and optical pulse intensities up 

2.0 × 1013 W/cm-2, emission from C2 was observed following the pulsed excitation of 

CO, indicating that reactions of excited CO lead to formation of C2. By controlling the 

polarization of the chirped optical pulses, we showed that rotational energy in triplet 

CO inhibits bimolecular reactions that lead to the formation of C2. Two shaped pulse 

polarizations were used to rotationally excite the CO molecules: an optical centrifuge 

and a dynamic polarization grating. The dynamic polarization grating consists of two 

pulses with orthogonal linear polarization and drives molecules into high rotational 

levels through sequential Raman transitions. The optical centrifuge creates an ensemble 

with oriented angular momentum, whereas as the dynamic polarization grating does 

not. For optical centrifuge excitation, population in the 𝐽 = 62 to 73 levels is as much 

as five time larger than for excitation with a dynamic polarization grating, and the C2 

reaction yields are correspondingly reduced by a factor of two. Emission is not 

observed below pressures of 10 Torr. The studies reported here on the near-nascent 

distributions of optically centrifuged CO were performed at pressures of 2.5 to 5.0 Torr 

under conditions in which C2 emission is undetectable.  

In this chapter, two different optical centrifuge bandwidths are used to excite 

CO molecules rotationally. When the full bandwidth is used, the highest rotational level 

observed is 𝐽 = 80, with an energy near 12,300 cm-1 and an angular frequency of 𝛺𝐽 =
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5.8 × 1013 radians s-1. When the bandwidth is limited by blocking a portion of the 

positively chirped pulse, the highest rotational level observed is 𝐽 = 67, with an energy 

near 8600 cm-1 and an angular frequency of 𝛺𝐽 = 4.8 × 1013 radians s-1. In these 

studies, high-resolution transient IR absorption spectroscopy is used to measure the 

distribution of optically centrifuged molecules as a function of optical centrifuge 

bandwidth. Polarization-dependent transient IR spectroscopy is used to measure the 

orientational anisotropy of the centrifuged molecules, and Doppler-broadened line 

profiles are used to determine the translational energy of the centrifuged molecules. 

This work investigates the formation and relaxation mechanisms of CO molecules in 

extreme rotational levels with orientated angular momentum that are well beyond 

thermally accessible levels. 

4.2 Experimental Details 

 The details of the optical centrifuge laser system coupled to a high-resolution 

transient IR absorption spectrometer has been described in Chapter 2. The optical pulse 

intensity at the sample cell is 2.8 × 1013 W/cm-2 for 2.5 Torr measurements and 

2.5 × 1013 W/cm-2 for 5 Torr measurements. The IR probe transitions are individual 

𝑅-branch transitions of the (1 − 0) vibrational band. IR transition frequencies and 

absorption strengths are reported in the HITRAN database up to 𝐽 = 58.42 Guelachvili 

and coworkers reported CO transitions up to 𝐽 = 93.47,48  

Transient absorption signals are collected using a liquid-nitrogen-cooled InSb 

detector with an amplifier with a rise-time of 50 ns. The IR light is wavelength-

modulated at 100 Hz and the IR frequency is controlled by active feedback 



 

 

56 

 

stabilization using a tunable confocal etalon, a second InSb detector, and a lock-in 

amplifier. The IR modulation increases the IR frequency spread to less than 2.3 × 

10−4 cm-1 (7 MHz) which is more than a factor of 20 smaller than the full-width half-

maximum linewidths of 5.2 ×  10−3 cm-1 (155 MHz) for the probe transitions at 

300 K. The line-center frequencies of the IR probe transitions are determined with the 

combination of an IR wavemeter and by locking the IR laser to an etalon fringe, tuning 

the etalon across the line profile, and finding the maximum transient signal. 

Doppler-broadened line profiles were collected at a pressure of 5 Torr for nine 

different rotational levels with 29 ≤ 𝐽 ≤ 80 using vertical IR polarization, which is 

parallel to the plane of the centrifuged molecules. Doppler profiles were measured by 

collecting fractional absorption signals at approximately 40 discrete IR frequencies. 

The IR wavelength was locked to a fringe of a tunable etalon and transient absorption 

signals were collected at individual wavelengths as the etalon was tuned in frequency 

steps of ∆𝜈 = 0.001 cm-1 across an IR transition. Doppler profiles were fit to Gaussian 

functions and time-dependent translational temperatures were determined from the full 

widths at half maximum. 

The IR light is linearly polarized, and the polarization angle relative to the xy-

plane is controlled with a half-wave plate. Orientational anisotropy measurements were 

made with parallel and perpendicular configurations, relative to the xy-plane. 

Spectroscopic grade CO (99.99% purity) was used in this study reported. Diffusion 

times across the excitation and probe volume in these experiments is longer than 1 μs.45 
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4.3 Results and Discussion 

In this study, the nearly-nascent distributions of optically centrifuged CO 

molecules under two different optical centrifuge bandwidths and pressures are 

investigated using high-resolution transient IR absorption spectroscopy. The first 

configuration uses the full optical bandwidth and a gas pressure of 2.5 Torr. The second 

configuration uses reduced optical bandwidth and a gas pressure of 5 Torr. The 

orientational anisotropy of the samples is measured using polarization-dependent IR 

probing, and the time-dependent distributions reveal how collisions relax the optically 

centrifuged molecules. Doppler-broadened line profiles of mid- and high-𝐽 levels 

provide a measure of the rotation-to-translation energy transfer that accompanies the 

collisional relaxation of optically centrifuged molecules.  

4.3.1 Controlling the Optical Trap 

Figure 4.1 shows the spectra of the pulses used in this study, along with the 

angular frequency and the relative field intensity associated with each spectrum. 

Spectrum 1 (S1) uses the full Ti:Sapphire bandwidth, shown in Figure 4.1a. Figure 4.1b 

shows that Spectrum 2 (S2), which has reduced optical intensity at 788 nm in the 

positively chirped pulse resulting from the addition of a reflective notch filter. The 

angular acceleration of the optical centrifuge trap relies on the simultaneous presence 

of both pulses. By reducing intensity at a selected wavelength range in S2, the angular 

acceleration of molecules in the trap is interrupted. The centrifuged molecules are 

therefore released from the trap with lower rotational energy than would have been 

achieved with the full trap bandwidth.  
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Figures 4.1c and 4.1d show the relative intensities of positively chirped pulse 

for S1 and S2, respectively, as a function of the instantaneous optical centrifuge angular 

frequency 𝛺𝑂𝐶. The insets show the slope of each optical trap as the trap intensity drops 

toward zero. The intensity of the S1 trap decreases smoothly in time, with a negative 

fall-off slope of 𝛽1 = 0.16 per 1013 radians s-1 out to 𝛺𝑂𝐶 = 7 × 1013 radians s-1. The 

intensity fall-off for the S2 trap starting at 𝛺𝑂𝐶 = 4 × 1013 radians s-1 is over three 

times steeper, with a negative slope of 𝛽2 = 0.51 per 1013 radians s-1. In this chapter, 

I investigate how the nascent distribution is affected by the optical pulse in the fall-off 

region. 

 

Figure 4.1 Chirped pulse spectra for a) the full bandwidth, Spectrum 1 (S1), and b) the 

reduced bandwidth trap, Spectrum 2 (S2). Angular frequency profiles of c) the S1 trap, 

and d) the S2 trap. The insets show that the trap intensity fall-off slope is nearly three 

times larger for S2 than for S1. 
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4.3.2 Polarization-Dependent Spectroscopy of Optically Centrifuged CO  

Polarization-dependent, high-resolution transient IR absorption spectroscopy 

was used to probe the 𝐽 = 29 to 80 rotational levels to characterize the orientational 

anisotropy of optically centrifuged CO molecules. Line-center transient IR signals were 

collected with vertical and horizontal IR probing that is parallel (𝑡∥) and perpendicular 

(𝑡⊥) to the plane of molecular rotation, as shown in Figure 4.2a for the 𝐽 =  70 level 

prepared with the S1 trap, and in Figure 4.2b for 𝐽 = 62 made in the S2 trap. Transient 

signals were converted to in-plane (𝑡𝑧) signals for molecules rotating in the xy-plane 

and out-of-plane (𝑡𝑥 + 𝑡𝑦) signals for molecules rotating in the z-plane. The in- and 

out-of-plane transients were fit to exponential decays starting at 100 ns, shown in the 

right-hand plots of Figure 4.2, and the fit parameters were used to characterize the 

orientational anisotropy and the collisional relaxation of the centrifuged molecules. 

Line-center signals (𝑡∥, 𝑡⊥, 𝑡𝑧 and 𝑡𝑥 + 𝑡𝑦) were converted to integrated parallel (𝑝∥), 

perpendicular (𝑝⊥), in-plane (𝑝𝑧), and out-of-plane (2𝑝𝑥) signals using transient 

Doppler-broadened line profiles that are presented in a later section. 
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Figure 4.2 Polarization-dependent transient IR absorption signals of CO in a) 𝐽 = 70 prepared 

in the S1 trap at 2.5 Torr, and b) 𝐽 = 62  made in the S2 trap at 5 Torr. For both rotational 

levels, the left-hand plot shows the parallel and perpendicular transient signals, the center plot 

shows in- and out-of-plane signals, and the right-hand plot shows the exponential fitting result 

starting at 𝑡 = 100 ns. 

 

Polarization-dependent transient spectra were collected for CO in 𝐽 = 70 − 75 

using the S1 trap at a pressure of 2.5 Torr. The average time between gas-kinetic 

collisions for these data is 42 ns, based on a Lennard-Jones collision rate constant of 

𝑘𝐿𝐽 = 2.9 × 10−10 cm3 molecule-1 s-1. Additionally, measurements were made for CO 

with 𝐽 = 29 − 67 using the S2 trap at a pressure of 5 Torr. In this case, the gas-kinetic 

collision time is 21 ns. The transient signals peak near 𝑡 = 100 ns, and represent the 

nearly nascent distribution of optically centrifuged molecules. The observed decay 

rates for the high-𝐽 levels scale with pressure. At 5 Torr, transient signals are essentially 

gone by 𝑡 = 500 ns, whereas transients collected at 2.5 Torr often persist to 𝑡 = 1 μs 

and beyond. 

To characterize the orientational anisotropy of the centrifuged molecules, the 

line-center signals were converted to integrated in-plane (𝑝𝑧) and out-of-plane (𝑝𝑥 +
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𝑝𝑦) signals using transient Doppler-broadened line profiles. Figures 4.3a and 4.3b show 

in-plane (IP) and out-of-plane (OOP) signals at 𝑡 =100 ns for the S1 and S2 traps, 

respectively. Substantially more in-plane molecules are observed for levels with 𝐽 ≥

48 in both optical traps. The S1 data focus on the high-𝐽 tail of the centrifuged 

molecules. The S2 data span a larger range of 𝐽-levels and the population inversion of 

in-plane rotors is evident. The reduced bandwidth in the S2 trap limits the highest 

observed centrifuged level to 𝐽 = 67, whereas population is detected to 𝐽 = 80 with 

the full bandwidth trap. 

 

 

 

Figure 4.3. In-plane (IP) and out-of-plane (OOP) signals at 𝑡 = 100 ns following the 

centrifuge pulse for CO in a) 𝐽 = 70 − 75 prepared in the S1 trap at 2.5 Torr pressure, 

and b) 𝐽 = 29 − 67 prepared in the S2 trap at 5 Torr pressure. Heat maps of the time-

dependent orientational anisotropies for the c) S1 and d) S2 bandwidths, based on the 

CO levels measured in a) and b).  
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Figure 4.3b shows that the in-plane and out-of-plane S2 data for CO rotational 

levels with 𝐽 ≤ 44 have comparable intensities and are relatively independent of 𝐽. 

Transient population in these levels comes both from molecules that have fallen out of 

the trap and molecules have undergone collisions with high-𝐽 molecules. It is not 

surprising that this subset of molecule shows little difference in their orientational 

polarization, because they were either not held very tightly by the trap or were formed 

through impulsive collisions.  

Orientational anisotropy values were determined for the centrifuged molecules as 

a function of 𝐽 and time for both traps. Figures 4.3c and 4.3d show heat maps of the 

orientational anisotropies for CO molecules prepared in the S1 and S2 traps 

respectively, starting at 𝑡 = 100 ns. At the earliest time, the peak anisotropy is near 𝑟 

= 0.8 for the S1 trap and is just above 𝑟 = 0.7 for the S2 trap. Both sets of data show 

high anisotropy values for a range of 𝐽 levels that are produced in the optical centrifuge:  

𝐽 = 70 to 74 for the S1 trap and 𝐽 = 55 to 65 for the S2 trap. At some point in the 

pulse, the intensity of the optical field is not large enough to continue holding the 

molecules and the centrifuged molecules are released from the trap with a high degree 

of rotational orientation. In contrast, molecules with 𝐽 ≤ 44 that are populated 

primarily as a result of falling out of the trap or through collisions have anisotropy 

values closer to the isotropic limit of 𝑟 = 1/3.   

The heat maps in Figure 4.3 show that large orientational anisotropies for the high-

𝐽 levels persist for many collisions, highlighting the gyroscopic behavior of optically 

centrifuged molecules. For the S1 data, just over two gas kinetic collisions have taken 

place at 𝑡 = 100 ns and the anisotropy values remain near 𝑟 = 0.8 for the 𝐽 = 70 to 74 
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levels at 𝑡 = 600 ns, corresponding to 14 gas kinetic collisions. For the S2 data, fewer 

than 5 gas kinetic collisions have taken place at 𝑡 = 100 ns and the peak anisotropy 

values remain near 𝑟 = 0.7 for the 𝐽 = 55 to 65 levels until 𝑡 = 400 ns, or ~19 gas 

kinetic collisions. By 𝑡 = 600 ns, or ~28 collisions, the peak anisotropy values are 

near 𝑟 = 0.5 for the S2 data. Similar to macroscopic gyroscopes, molecules with large 

amounts of rotational angular momentum tend to resist orientational relaxation through 

collisions because collision-induced angle changes are inversely proportional to the 

rotational frequency 𝛺𝐽 and 𝐽. The result is that average thermal collisions of CO in the 

𝐽 = 10 rotational level result in a 90° tilt to the molecule’s angular momentum vector, 

whereas a similar collision with CO in the 𝐽 = 70 rotational level leads to a 13° tilt.  In 

this way, molecules that are centrifuged to high-𝐽 levels retain their nascent rotational 

orientation longer than molecules in lower-𝐽 levels and those populated through 

collisions. 

4.3.3 Distribution of Optically Centrifuged CO: Optical Bandwidth Dependence 

Additional transient absorption measurements were made to characterize how 

the distribution of centrifuged molecules is affected by changing the fall-off slope of 

the optical trap. Populations of individual CO 𝐽 levels were determined for the two 

optical centrifuge bandwidths based on parallel polarized transient IR absorption 

measurements, CO IR absorption strengths, and an absorption path length of ℓ =

0.1 cm. A description of the procedure for calculating number densities is given in 

Chapter 2.2. The population distribution at 𝑡 = 200 ns for the S1 trap is shown in 

Figure 4.4a as a function of the trap angular frequency, and the distribution at 𝑡 =
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100 ns for the S2 trap is shown in Figure 4.4b. In both cases, the distributions have 

undergone approximately 5 gas-kinetic collisions. Both distributions have a maximum 

in-plane population near 𝐽𝑚𝑎𝑥 = 62, followed by reduced population in higher 𝐽-levels, 

indicating that the trap intensity is dropping and releasing the centrifuged molecules. 

Figures 4.4a and 4.4b also show the respective trap intensity, which has been scaled to 

the population in the 𝐽-level just above 𝐽𝑚𝑎𝑥 where the fall-off begins. The high-𝐽 tail 

of the in-plane rotational population distributions mimic the trap intensity profiles. The 

full bandwidth trap leads to a monotonic decrease in population from 𝐽𝑚𝑎𝑥 to 𝐽 = 80. 

In comparison, the reduced bandwidth trap shows a much sharper reduction in 

population, extending from 𝐽𝑚𝑎𝑥 to 𝐽 = 67.  

 
Figure 4.4 Distributions of optically centrifuged CO molecules using a) the S1 full bandwidth 

trap and b) the S2 trap. Red circles indicate population of IP-rotors and blue diamonds indicate 

OOP-rotors. The trap intensity is indicated by the dotted line. The slope of the IP population c) 

for the S1 trap and d) for the S2 trap is compared to the slope of the trap in the fall-off region. 

 

The correlation of the CO population with the trap intensity profile in the fall-

off region is further explored by comparing the slopes 𝛼1 and 𝛼2 of the population fall-



 

 

65 

 

off, which are shown in Figures 4.4c and 4.4d for the S1 and S2 trap, respectively, 

along with the trap fall-off slopes 𝛽1 and 𝛽2. The ratio of 𝛼1/𝛽1 = 32 is similar to 

𝛼1/𝛽1 = 37, showing that the high-𝐽 distribution of centrifuged molecules correlates 

to the shape of the trap intensity. 

4.3.4 Collisional Relaxation of Optically Centrifuged CO 

The time evolution of the distribution of molecules centrifuged in the S1 trap is 

explored here. Figure 4.5 shows the 𝐽-dependent distribution of CO with 𝐽 = 29 to 80 

at 𝑡 = 100, 200, and 400 ns following the centrifuge pulse. The in-plane populations 

(red circles) are much larger than the out-of-plane populations (blue diamonds) and 

decrease without a 𝐽-shift in the peak of the distribution. The relative trap intensity 

(shown as a dotted line) is scaled to the peak of the CO distribution at 𝑡 = 100 ns. The 

distribution at 100 ns has undergone just over 2 gas kinetic collisions. At 𝑡 = 200 ns, 

the population in levels with 𝐽 ≥ 50 uniformly shows a 15% decrease relative to the 

population at 𝑡 = 100 ns. At 𝑡 = 400 ns, an additional 30% decrease is seen relative 

to the 𝑡 = 200 ns population. The amplitude of the distribution is reduced through 

collisions as molecules move into lower-𝐽 levels. Lower energy levels also show 

population loss. Population in 𝐽 = 29 initially drops by 20% between 𝑡 = 100 ns and 

200 ns, then is fairly constant out to 1 μs, as molecules from higher-𝐽 levels relax 

through collisions into lower-𝐽 levels. 
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Figure 4.5 Time snapshots of the IP and OOP distribution CO molecules at a) 𝑡 =

100 ns, b) 200 ns, and c) 400 ns after the centrifuge pulse. The dotted black line is the 

S1 trap intensity scaled to the maximum population at 100 ns.  

 

The rotational distribution broadens slightly with collisions. Figure 4.6a shows the 

time-dependent populations of 62 ≤ 𝐽 ≤ 80 along with linear fitting results and 

population changes for individual levels between 𝑡 = 100 ns and 200 ns and between 

𝑡 = 200 ns and 400 ns. The slope decreases in magnitude over time, as in Figure 4.6b, 

showing that population is moving from the peak of the distribution to higher 𝐽 levels, 

but that the changes in 𝐽 are relatively small. We do not see evidence that collisions 

move population into levels higher than 𝐽 = 80, showing that the overall relaxation 

process predominantly involves collisions that move population to lower-𝐽 levels. 
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Figure. 4.6 a) Population of CO levels with 62 ≤ 𝐽 ≤ 80 from Figure 4.5 at 𝑡 = 100, 200 and 

400 ns, along with unconstrained linear fitting results. The bar graph shows changes in 

population for ∆𝑡 = (200 − 100)ns and ∆𝑡 = (400 − 200)ns. b) The magnitude of the slope 

of the rotational population distribution decreases with time, showing that collisions broaden 

the nascent rotational distribution and energy transfer occurs with a range of |∆𝐽| values. 

4.3.5 Translational Energy Distribution of Optically Centrifuged CO Molecules 

Translational energy distributions were obtained from transient Doppler-

broadened line profile measurements. Line profiles for the 𝐽 = 29 and 𝐽 = 62 to 80 

rotational levels were collected using parallel IR probing in the S1 optical trap at a 

pressure of 5 Torr. The Doppler-broadened line profiles were fit to Gaussian functions 

and time-dependent translational temperatures were extracted from the profile widths. 

Figure 4.7 shows transient Doppler profiles for the 𝐽 = 29, 62, 68, and 75 levels at 𝑡 =

120 ns after the centrifuge pulse. As 𝐽 increases, the Doppler profiles narrow, 
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corresponding to lower translational temperatures for the higher 𝐽-levels. At 𝑡 =

120 ns, the 𝐽 = 29 level has a translational temperature near 𝑇𝑡𝑟𝑎𝑛𝑠 = 700 K while the 

𝐽 = 75 level has a temperature near 𝑇𝑡𝑟𝑎𝑛𝑠 = 240 K. 

 
 

Figure 4.7. Transient Doppler-broadened line profiles for CO with 𝐽 =  29, 62, 68, and 75 

at 𝑡 = 120 ns after the centrifuge pulse. Residuals for the Gaussian fit are shown below each 

profile.  

 

The time-dependent temperatures shown in Figure 4.8a-c highlight the 

differences between low and high-𝐽 levels formed during and after the optical 

centrifuge pulse, as does the heat map generated from the 𝐽 = 29 and 𝐽 = 62 − 80 

Doppler profiles shown in Figure 4.8d. The high-𝐽 levels have low initial translational 

temperatures that remain low for many collisions. These data are evidence that the 

optical centrifuge selectively imparts rotational, but not translational, energy to the 

trapped molecules. Here, the lowest translational temperature (𝑇 = 240 K) is observed 

for the 𝐽 = 75 level, for which the angular frequency is near the upper limit of the S1 

optical trap. Line profile measurements for low-𝐽 levels show that molecules with low 

velocities are selectively trapped in the optical field prior to angular acceleration, 

thereby leading the highest 𝐽-levels to have the lowest translational energies in optical 
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centrifuge excitation.50 In collisions, low translational energies are the signature of 

resonant and near-resonant rotational energy transfer which involve small energy gap 

values. The low 𝑇𝑡𝑟𝑎𝑛𝑠 data in Figure 4.8d show the importance of such resonant 

processes for the 𝐽 > 50 levels of CO. In contrast, the 𝐽 = 29 level is created within 

the first 5 gas-kinetic collisions with significant amounts of translational energy that is 

eventually relaxed through collisions. This observation shows that the lower-𝐽 levels 

are initially populated through impulsive collisions with centrifuged molecules and that 

subsequently, translational cooling occurs as does population transfer of molecules 

from higher-𝐽 levels with narrower velocity spreads. 

 
Figure 4.8 a) Time-evolution of translational temperatures for CO 𝐽 = 29, 62, and 75. b) Heat 

map of time-dependent translational temperatures based on transient Doppler profiles 

measured for the 𝐽 = 29 and the 𝐽 = 68 to 80 levels. 



 

 

70 

 

 

4.3.6 Decay Kinetics of Optically Centrifuged CO Molecules 

Transient signals such as those shown in Figure 4.2 were fit to exponential 

decays to characterize the decay kinetics. Equation 4.1 describes collisions that move 

CO(𝐽) to CO(𝑖):  

               𝐶𝑂(𝐽) + 𝑀𝐽  
𝑘𝑟
→   𝐶𝑂(𝑖) + 𝑀𝐽,                            (4.1) 

where 𝑖 ≠ 𝐽, 𝑀𝐽 is a collision partner that relaxes the level 𝐽, and 𝑘𝑟 is the overall 

removal rate constant for 𝐽. State-to-state rotational relaxation rate constants for CO with 

0 ≤ 𝐽 ≤ 29 were reported by Phipps et al.26 Total removal rate constants 𝑘𝑟 for 

individual states decrease from 𝐽 = 0 to 𝐽 = 10, and then are essentially constant from 

𝐽 = 10 to 29 with an average value of 𝑘𝑟 = 3.4 × 10−10 cm3 molecule-1 s-1. Neglecting 

processes that move population into level 𝐽, the time dependence is given by Equation 

4.2. 

              
𝑑[𝐶𝑂(𝐽)]

𝑑𝑡
= − 𝑘𝑟 [𝐶𝑂(𝐽)] [𝑀]𝐽                                   (4.2) 

Assuming pseudo-first order conditions with  [𝑀]𝐽 > [𝐶𝑂(𝐽)] and defining 𝛾 ≡

𝑘𝑟  [𝑀]𝐽 leads to an equation for the fractional decay of CO(𝐽): 

             [𝐶𝑂(𝐽)]𝑡/[𝐶𝑂(𝐽)]0 = 𝑒𝑥𝑝 (−𝛾 𝑡).                            (4.3) 

Decay constants 𝛾 were determined by fitting the transient signals with Equation 4.3, 

yielding values of [𝑀]𝐽 ≈ 1016 molecules cm-3. This is approximately one-tenth the 

ambient number density at 5 Torr and is a lower limit to the actual value since collisions 

that populate each 𝐽 level were not included. This result shows that the pseudo-first 
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assumption is valid, and that collisions that relax centrifuged molecules most likely 

involve an ambient bath molecule. 

4.3.7 Implications of Rotational Energy Transfer at High Energies 

Observations of near-nascent 𝐽 levels of optically centrifuged CO molecules 

provide information about rotational energy transfer in an energy regime far above 

thermal energies at room temperature. The centrifuge creates an inverted rotational 

distribution with orientated angular momentum, and the data reported here show that 

collisional relaxation of this ensemble has similarities with energy transfer under 

thermal conditions. Low translational energies for the centrifuged molecules indicate 

\that relaxation processes with small |∆𝐽| are favored, as does the slight spreading 

observed in the inverted rotational distribution. These features are consistent with 

rotational energy processes reported for thermal samples at room temperature and 

below and indicate that energy gap models are appropriate in the high-𝐽 regime.  

There are several key differences, however, for rotational energy transfer in the 

high-𝐽 regime. One difference is that orientational anisotropy persists for many 

collisions, consistent with the physics of macroscopic gyroscopes. The presence of 

large amounts of angular momentum inhibits a molecule’s orientational relaxation, 

because the directional change of the angular momentum vector through a collision is 

inversely proportional to the molecule’s angular frequency. Measurements have shown 

that optically centrifuged molecules tend to lose population in individual 𝐽 levels before 

the angular momentum projections are randomized.  

A second distinct characteristic of rotational energy transfer for centrifuged 

molecules is that the total amount of rotational energy and the associated energy gaps 
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are much larger than in a thermal sample. This situation results in large translational 

energy in molecules that result from large |∆𝐽| events. In the case of CO initially 

centrifuged to 𝐽 > 70 with more than 9,000 cm-1 rotational energy, the 𝐽 = 29 level 

has a 900 K Doppler profile, whereas the 𝐽 = 75 level has a 240 K profile. The near-

nascent CO distribution indicates that CO2 and N2O likely have initial centrifuged 

distributions with 𝐽 > 300 and rotational energies above 36,000 cm-1. In other studies, 

we have observed N2O in 𝐽 = 93 with a 3300 K Doppler profile after ~30 collisions 

and CO2 in 𝐽 = 100 with a 1700 K profile after ~30 collisions.43,44 Simulations by 

Averbukh and coworkers show that an ensemble of optically centrifuged N2 molecules 

first has a gyroscopic phase in which the average rotational energy remains high 

followed by a large increase in average translational energy as the sample redistributes 

the energy and a sharp drop in rotation.   

4.4 Conclusion 

Here, we have shown that the near-nascent rotational distributions of optically 

centrifuged CO molecules can be controlled by changing the spectral bandwidth of the 

optical trap. The time-dependent properties of individual 𝐽-levels were investigated 

using high-resolution transient IR absorption spectroscopy. With a full bandwidth trap, 

CO molecules were generated in rotational levels up to 𝐽 = 80, whereas with a reduced 

bandwidth trap the maximum CO rotational level was 𝐽 = 67. The rotational 

distributions are inverted, and both have peak populations near 𝐽 = 62. The slopes of 

the rotational distributions for 𝐽 > 62 mimic the intensity profile of the optical trap. 

The centrifuged molecules show a high degree of orientational anisotropy, with values 

as high as 𝑟 = 0.8 for the 𝐽 = 60 to 75 levels. The anisotropy values for these levels 
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remain constant for at least 15 gas-kinetic collisions, showing that large amounts of 

rotational angular momentum inhibits orientational relaxation, in much the same way 

as macroscopic gyroscopes resist reorientation. Molecules in lower 𝐽-levels have much 

smaller orientational anisotropy values and return to isotropic distributions through 

collisions more quickly than the high 𝐽-levels. The observation of the inverted CO 

distribution is evidence of the extent to which spectral bandwidth correlates to 

molecular rotation and will guide in the future development of a tunable optical 

centrifuge for controlling initial rotational distributions.  

These studies highlight the dynamical behavior of molecules in high 𝐽-levels 

that are prepared with oriented angular momentum in an optical centrifuge. The 

optically centrifuged levels of CO have low translational temperatures that remain low 

for many collisions. This observation, along with slight collisional broadening of the 

nascent distribution, reveals that rotational energy transfer with small |∆𝐽| is the 

predominant relaxation pathway for the centrifuged molecules, as is consistent energy 

gap models of rotational relaxation. Differences from thermal studies arise based on 

the much larger rotational energies and energy gaps of centrifuged molecules, 

particularly in their long-lived orientational anisotropy and large translational energy 

gains. These results add to the growing body of knowledge of molecules with large 

amounts of angular momentum and contribute to our understanding of molecular 

energy transfer in extreme energy conditions. 
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Chapter 5: Nascent Rotational Distributions and Capture 

Efficiencies of CO and CO2 in a Tunable Optical Centrifuge 

Using Transient IR Absorption Spectroscopy 

5.1 Introduction 

Here, a tunable optical centrifuge is used to measure the nascent rotational 

distributions of CO and CO2 to investigate how the molecular properties of the 

centrifuged molecules, such as the polarizability anisotropy and the moment of inertia, 

impact the nascent distributions produced. High-resolution transient IR absorption 

spectroscopy yields absolute number densities of centrifuged molecules before 

collisions redistribute the energy. Rotational levels up to 𝐽 = 49 for CO and  𝐽 = 240 

CO2. The capture and acceleration efficiencies of CO and CO2 using variable 

bandwidth optical traps are compared to elucidate how different molecular species are 

trapped in the optical centrifuge.  

 Trapping and angularly accelerating a molecule in an optical centrifuge is based 

on the interaction of an intense optical field and the polarizability anisotropy of the 

molecule being trapped. The interaction energy is proportional to the polarizability 

anisotropy ∆𝛼 of the molecule. CO and CO2 are both linear molecules with non-zero 

polarizability anisotropy values, but ∆𝛼 for CO2 is nearly 4-fold larger than for CO. In 

addition, for a given chirp rate of the shaped pulses, the efficiency of angular 

acceleration of a molecule in the optical trap is affected by its moment of inertia. If the 

moment of inertia is too large, molecules will lag the field acceleration and be left 

behind. The moment of inertia for CO2 is nearly 5-fold larger than the value for CO. A 

comparison of the nascent distributions for CO and CO2 is expected to give more 

information about the capture and acceleration of molecules in the optical centrifuge. 
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The experiments reported in Chapter 4 show that the full bandwidth optical 

centrifuge is capable of spinning CO molecules to angular frequencies as high as Ω𝐽 =

5.8 × 1013 radians s-1. This angular frequency corresponds to CO2 in the 𝐽 = 388 level. 

However, IR 𝜈3 transitions for CO2 have only been reported up to 𝐽 = 128.42 Semi-

empirical transition frequencies have been reported up to 𝐽 = 300 in the 4000 K 

Carbon Dioxide Spectral Database (CDSD4000).50 An extrapolation of the semi-

empirical data to the 𝐽 = 388 level shows that the IR frequency required is beyond the 

tuning range of the IR laser in our spectrometer. Additionally, assigning rotational 

quantum numbers to transitions near 𝐽 = 388 would require starting at 𝐽 = 128 and 

working upwards.  

To overcome the obstacles described above, we reduced the bandwidth of the 

optical centrifuge so that the nascent CO and CO2 distributions would overlap with 

available IR frequencies. We introduced three sequential reductions (or “clips”) in the 

bandwidth of the optical trap using an adjustable beam block, so that the angular 

frequency of the trap could be varied over Ω𝑜𝑐(FWHM) = (2.8 − 3.6) × 1013 radians 

s-1. We measured five new IR 𝑅-branch transition frequencies for probing CO2 in 

rotational levels with 200 ≤ 𝐽 ≤ 240. These rotational levels have angular frequencies 

in this range of Ω𝑜𝑐. We identified 5 CO rotational levels with comparable angular 

frequencies and measured how the nascent CO and CO2 distributions respond to 

changes in the trap frequency. These levels are listed in Table 5.1, along with their 

energies and classical rotational frequencies.  
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Table 5.1: Rotational energies and 𝛺𝐽 values for selected 𝐽-levels of CO and CO2  

CO 𝐽 E𝐽 (cm-1)a Ω𝐽  

(1013radians s-1) 

CO2 𝐽 E𝐽 (cm-1)b Ω𝐽  

(1013radians s-1) 

41 3,292 3.00 200 15,472 2.95 

43 3,616 3.14 212 17,350 3.12 

46 4,128 3.36 228 20,012 3.35 

48 4,488 3.50 234 21,057 3.44 

49 4,674 3.57 240 22,127 3.53 

a. Energies for CO states are from (HITRAN).42 

b. Energies for CO2 are from semi-empirical calculations CDSD4000.50 

5.2 Experimental Details 

The optical centrifuge spectrometer with multi-pass, high-resolution transient IR 

absorption detection has been described in detail in Chapter 2.  

5.2.1 Tunable Optical Centrifuge Pulses 

The instantaneous angular frequency of the optical centrifuge pulses is shown in 

Figure 5.1a for the full bandwidth spectrum, along with three clipped spectra pulses, 

referred to here as Clips 1-3. Increasing the extent of the clip decreases the ultimate 

angular frequency of the optical centrifuge. Figure 5.1b shows the four trap intensities 

in the range of ΩOC = 2.8 − 3.6 × 1013 radian s-1, along with CO2 and CO rotational 

levels with rotational frequencies in the range of ΩOC. The four optical traps shown in 

Figure 5.2b have falloff slopes of 𝛽0 = −0.10 per 1013 radians s-1  (full bandwidth), 

𝛽1 = −0.51 per 1013 radians-1 s (Clip 1), 𝛽2 = −0.59 per 1013 radians-1 s  (Clip 2) 

and 𝛽3 = −0.49 per 1013 radians-1 s (Clip 3). At the focal point of the optical centrifuge 

beam, the FBW pulses have an intensity of 3 × 1013 W cm-2. For the reduced 
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bandwidth pulses, the energy of the multi-pass amplifier pump laser was decreased by 

30% to avoid damaging the multi-pass amplifier. 

 

Figure 5.1 a) Instantaneous angular frequency of the full trap (black) and the three 

clipped chirps used in this experiment. As the clipped bandwidth increases, the extent of 

angular frequency decreases. b) Range of rotational levels probed for CO2 and CO 

between 𝛺𝑂𝐶 =  2.8 to 3.6 × 1013 radians s-1. 

5.2.2 High-Resolution Transient IR Absorption Spectroscopy of Centrifuged CO and 

CO2 

For these experiments, the IR laser output is wavelength-stabilized with active 

feedback control by locking either to a known IR transition using a reference gas cell 

or to a fringe of a tunable Fabry-Perot etalon. The IR wavelength is determined using 
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known IR transitions of thermally populated levels and a calibrated wave meter to a 

resolution better than ∆𝜈𝑤𝑚 = ±0.001 cm-1. The transmitted IR intensity is collected 

as a function of time on an InSb detector with a signal response of 50 ns. Transient 

signals are averaged on a 500 MHz digital oscilloscope (Tektronix) for typically 100 

laser pulses. The IR probe polarization is vertical to coincide with the plane of 

molecular rotation in the optical centrifuge. Spectroscopic grade CO and CO2 were 

used. Transition frequency measurements for CO2 used a cell pressure of 2.5 Torr. 

Nascent distributions for CO and CO2 were measured with a cell pressure of 500 mTorr 

at 𝑡 = 100 ns following the optical centrifuge pulse. At 500 mTorr, the gas kinetic 

collision time is approximately 200 ns based on Lennard-Jones collision rate constants, 

as shown in Table 2.3.  

Nascent distributions of optically centrifuged CO and CO2 were probed using 

transient IR absorption spectroscopy near 𝜆=4.3 μm. The CO probe is the IR 

fundamental,  

𝐶𝑂 (v = 0, 𝐽) + 𝐼𝑅 →  𝐶𝑂 (v = 1, 𝐽 + 1).  (5.1) 

The CO2 probe involves absorption of one quantum of the 𝜈3 antisymmetric stretching 

mode,  

𝐶𝑂2(0000, 𝐽) + 𝐼𝑅 → 𝐶𝑂2(0001, 𝐽 + 1).  (5.2) 

𝑅-Branch transitions were used as the IR probes of both CO and CO2. To identify the 

CO2 transitions for levels with 𝐽 = 200 to 240, transient signals were collected as a 

function of IR wavelength in frequency steps of 𝛿𝜈 ≤ 0.001 cm-1 between neighboring 

IR transitions. When possible, the transitions were measured relative to known IR 

transitions. 
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5.3 Results and Discussion 

Here capture and acceleration efficiencies of CO and CO2 in a tunable optical 

centrifuge are reported. Nascent rotational distributions are measured using high-

resolution transient IR absorption spectroscopy. A comparison of the CO and CO2 data 

provide information about the role of polarizability anisotropy and moment of inertia 

in the optical trapping process. 

First, the transient spectroscopy of CO2 𝑅-branch transitions for 𝐽 ≥ 200 is 

reported, followed by two experiments to measure the total number density of 

rotationally excited molecules. The first experiment uses the full spectral bandwidth to 

measure the number density of molecules with Ω𝐽 values that are significantly below 

the maximum Ω𝑂𝐶. The measurements in this first experiment provide an indication of 

the number density of molecules that fall out of the trap in the process of acceleration. 

In the second experiment, the nascent CO and CO2 rotational distributions are measured 

separately, each at a pressure of 500 mTorr using the three reduced-bandwidth optical 

traps. Combining these two measurements yields the total number density of captured 

molecules that are accelerated by the optical field, from which the capture and 

acceleration efficiencies of CO and CO2 are compared.  

5.3.1 Transient IR Probe Transitions of CO2 (0000, 𝐽 = 200 − 240) 

Spectral fingerprinting was used to measure IR transition frequencies for five CO2 

(0001 ← 0000) 𝑅-branch transitions with 𝐽 = 200 to 240. The  𝑅(56) (0111 ←

0110) transition was used to help locate the 𝑅(212) (0001 ← 0000) transition. Figure 

5.2a shows the line-center transient absorption signals for 𝑅(56) and 𝑅(212) at a cell 
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pressure of 2.5 Torr. Figure 5.2b shows the transient spectra at two times, 𝑡 = 90 ns 

and 200 ns, following the optical centrifuge pulse. The transient spectra in Figure 5.2 

give dynamical information about collisional energy transfer of rotationally excited 

molecules. In these measurements, the average time between collisions is 40 ns. The 

(0000) 𝐽 = 212  transient signal is prompt, showing that this level is populated directly 

by the optical centrifuge. This level then undergoes collision-induced relaxation with a 

lifetime of 3.8 μs, corresponding to approximately 95 collisions. In contrast, the 

transient signal for (0110) 𝐽 = 56 has slower appearance with an exponential rise to 

maximum and a lifetime of 800 ns, showing that this level is populated through 

collisional energy transfer.      

 
Figure 5.2 a) Line-center transient absorption signals showing that the (0000, 𝐽 = 212) 

level is formed promptly in the optical centrifuge while the (0110, 𝐽 = 56) level is 

populated by collisions of centrifuged molecules. b) Spectral fingerprinting of the CO2 

(0001 − 0000) 𝑅(212) transition relative to the (0111 − 0110) 𝑅(56) transition at 

𝑡 = 90 ns and 200 ns following the optical centrifuge pulse. 
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Once the new transitions were located, transient Doppler-broadened line profiles 

were measured and the line-center transition frequencies were determined to within 

∆𝜈 = ±0.002 cm−1 using the wavemeter. Table 5.2 lists the IR probe frequencies for 

CO and CO2 used in this study and compares the CO2 probe transition frequencies with 

predicted frequencies from the effective Hamiltonian calculations by Perevalov and 

coworkers (CDSD4000).50 The observed CO2 𝑅-branch transition frequencies for 𝐽 ≤

240 are within 0.04 cm-1 of the calculated values. 

Table 5.2: IR probe transition frequencies for CO and CO2  

CO 𝐽  𝑣̅ (cm-1) a CO2 𝐽  𝑣̅ (cm-1) b 

observed 

𝑣̅ (cm-1) c 

(CDSD4000) 

∆𝑣̅ (cm-1) 

obs-calc 

41 2271.345 200 
2377.441 2377.432 0.009 

43 2275.719 212 
2370.885 2370.870 0.015 

46 2281.970 228 
2360.743 2360.717 0.026 

48 2285.928 234 
2356.552 2356.522 0.030 

49 2287.843 240 
2352.186 2352.151 0.035 

a. HITRAN database42 

b. Observed R-branch transitions are a subset of 29 new transitions for CO2 

(0000) with 𝐽 between 186 and 280. The uncertainty in the observed 

transition frequencies is ∆𝜈𝑤 = ±0.005 cm-1, based on the maximum 

fluctuations in the wavemeter frequencies.   

c. Predicted transition frequencies from the CDSD4000.50 

5.3.2 Rotational Excitation Using the Full Bandwidth Trap 

Figure 5.3a shows transient absorption signals of CO rotational levels 

between 𝐽 = 41 to 49 and for CO2 levels between 𝐽 = 200 to 240. These data were 

collected using the full bandwidth trap at a pressure of 500 mTorr. The transients 

between 50 ns and 200 ns represent nascent signals, based on the time window 

between the detector rise time and the average collision time. In Figure 5.5b, the signal 
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intensities at 𝑡 = 100 ns have been converted to number densities, and are shown as a 

function of angular frequency and rotational quantum number. The number densities 

for both CO and CO2 are fairly independent of 𝐽 with a standard deviation of 7%. 

Because the full bandwidth trap is capable of spinning molecules into much higher 

rotational levels, the numbers densities for the levels probed here are fairly small, 

relative to the peak of the nascent inverted distribution. The average number density 

for the CO levels in this range is 4.8 𝑥1012 molecules cm-3, which is almost twice the 

value for the CO2 levels, 2.5 𝑥1012  molecules cm-3. Interestingly, CO2 has twice as 

many rotational levels as CO between Ω𝐽 = 2.9 to 3.6 × 1013 radians s-1, so that the 

integrated number density for both species in this frequency range is comparable. 
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Figure 5.3 a) Transient fractional absorption measurements of CO 𝐽 = 41 − 49 and b) number 

density as a function of angular frequency for CO2 𝐽 = 200 − 240  (red triangles) and CO 𝐽 =

41 − 49 (blue squares) using the full optical bandwidth at a pressure of 500 mTorr. 

 

The data shown in Figure 5.5b represent molecules that have been captured by 

the optical field and then have fallen out of the trap during the acceleration process. 

Molecules can fall out of the optical trap when their internal kinetic energy exceeds the 

interaction energy with the optical trap, as shown in Equation 2.2, and/or when the field 

intensity drops below a critical trapping intensity. The optical centrifuge beam has a 

Gaussian cross section, and it is likely that the signals in Figure 5.5b originate from the 

wings of the Gaussian beam that have lower intensity.  
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5.3.3 Nascent Distributions of CO and CO2 From a Tunable Optical Centrifuge 

Nascent rotational distributions were measured for CO (𝐽 = 41 to 49) and CO2 

(𝐽 = 200 to 240) using a tunable optical centrifuge for which Ω𝑂𝐶 was sequentially 

reduced. In total, four optical bandwidths were used: the full bandwidth` and three 

reduced-bandwidth traps, Clips 1-3. Figure 5.4a shows the angular profiles for the full 

bandwidth and the three clipped traps. As the optical bandwidth is decreased, the trap 

intensity at large values of Ω𝑂𝐶 decreases and angular acceleration of the trap ends 

earlier in time. In this manner, molecules are released from the trap at lower angular 

frequencies and the rotational distribution shifts to lower 𝐽 levels.  

First, the effect of reducing the centrifuge angular frequency is illustrated by 

measuring the peak of the CO distribution as a function of the clip. Figure 5.4b shows 

that the CO 𝐽 = 62 level is populated in the full bandwidth optical centrifuge, and that 

no population is observed when the bandwidth is reduced in Clips 1-3. The relative 

intensity of the full optical trap 𝐼𝐹𝐵𝑊 = 0.36 at the rotational angular frequency for CO 

𝐽 = 62  (Ω𝐽 = 4.48 𝑥 1013 radians s-1) is enough to drive molecules to this level but is 

weak enough to release a substantial subset of the captured molecules at this frequency. 

In contrast, the relative intensity of Clip 1 bandwidth 𝐼𝐶1 = 0.02 is insufficient to ramp 

molecules into the 𝐽 = 62 level, indicating that the critical intensity to hold onto CO 

molecules is 𝐼𝐶 > 0.02. 

Figure 5.4c shows the progression of population in CO 𝐽 = 49 (Ω𝐽 =

3.57 𝑥 1013 radians s-1) as the bandwidth is sequentially decreased. The signal 

increases nearly 3-fold when the full bandwidth is reduced to Clip 1. Further bandwidth 

reduction of Clips 2 and 3 leads to reduced population in CO 𝐽 = 49. Figure 5.4d shows 
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the progression of population in CO2 𝐽 = 240, which has an angular frequency very 

close to that for CO 𝐽 = 49 (Ω𝐽 = 3.50 𝑥 1013 radians s-1). The effect of the clipped 

bandwidth pulses is nearly identical to that for CO 𝐽 = 49. Thus, the two molecular 

species respond similarly to changes in the trap properties. Figures 5.4c and 5.4d show 

that by reducing the trap bandwidth, it is possible to tune through the peak of the 

nascent rotational distribution.   

 
Figure 5.4 a) Full bandwidth spectrum (left-most), and three reduced bandwidth decreasing 

from left to right. Measurement of number densities for b) CO (𝐽 = 62), c) CO (𝐽 = 49), d) 

CO2 (𝐽 = 240) at the four bandwidths. 

 Figures 5.5a-h show the time-dependent nascent rotational distributions for CO 

(𝐽 = 41 to 49) and CO2 (𝐽 = 200 and 240) made with the full bandwidth and 



 

 

86 

 

sequentially-reduced bandwidths (Clips 1-3) at a number of times between 100 and 

1000 ns. The shapes of the clipped optical traps are shown as dotted black lines along 

with the data, where the trap intensity has been scaled to the most populated rotational 

level. The time-dependent data show that rotationally excited CO relaxes more quickly 

than CO2, in the same rotational frequency range.  

 
Figure 5.5. Nascent population distributions of CO2 and CO rotational levels using the 

a-b) full bandwidth trap and c-h) as a function of reducing the optical centrifuge spectral 

bandwidth. The clipped spectra are shown as black dotted lines and have been scaled to 

the peak of each distribution.  
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Here, the distributions at 𝑡 = 100 ns are compared as a function of the optical trap. 

Figures 5.5a and b show the CO2 and CO distributions made with the full bandwidth 

trap. The signals are relatively small and 𝐽-independent. Figures 5.5c and d show that 

Clip 1 leads to increased population in CO2 by as much as a factor of 6 and in CO by 

as much as a factor of 3. Both molecules show an inverted population distribution from 

the Clip 1 trap, with the largest population in the higher-𝐽 levels. Figures 5.5e and f 

show that Clip 2 releases population at lower 𝐽 levels and both distributions peak at the 

similar angular frequency near Ω𝐽 = 3.35 × 1013 radians s-1. In both cases, the higher-

𝐽 distributions track the trap intensity for ensembles prepared with Clip 2. The Clip 2 

trap also releases more of the lower-𝐽 levels of CO than of CO2, leaving the inverted 

CO distribution less pronounced. Figures 5.5g and h show the result of further reduction 

in the bandwidth with Clip 3. Here, the two distributions have notable differences. The 

CO2 distribution continues to have an inverted distribution with the peak near Ω𝐽 =

3.35 × 1013 radians s-1 and the higher-𝐽 states tracking the field intensity. In contrast, 

the peak of the CO distribution has shifted to lower angular frequencies and the 

population inversion is no longer present in this range of angular frequencies. The 

entire CO distribution in Figure 5.5h tracks the Clip 3 intensity. 

A comparison of the data for Clips 2 and 3 reveals important information about 

how different molecular species are released from an optical centrifuge trap. Notably 

for Clips 2 and 3, CO2 retains a peak population at Ω𝐽 = 3.35 × 1013 radians s-1, 

whereas the peak population for CO with Clip 3 is seen at Ω𝐽 = 3.00 × 1013radians s-

1. This observation is explained by the fact that CO2 his held more tightly by the optical 

trap based on its larger polarizability anisotropy. This phenomenon indicates that a 
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critical intensity exists for which the interaction energy is low enough that molecules 

are released from the trap. This critical intensity is larger for CO, and molecules are 

released sooner in the trap than are CO2 molecules 

Qualitatively, the CO and CO2 distributions have similar responses to clipping the 

optical centrifuge bandwidth. The extent of rotational excitation is sensitive to the 

angular frequency of the optical trap and its corresponding intensity at that frequency. 

For the same optical trap, different molecules are excited to similar angular frequencies, 

despite differences in their moments of inertia, rotational energies, and anisotropic 

polarizabilities. This feature is at the heart of the optical centrifuge technique.  

The lifetimes of CO (𝐽 = 41 to 49) and CO2 (𝐽 = 200  to 49) prepared with the 

clipped spectra were determined by fitting the transient absorption signals to 

exponential decays from their peak values near 𝑡 = 100 ns. In some cases, a single 

exponential fit was sufficient to characterize the decay signal. In other cases, the 

transients are better characterized by biexponential decays.  The lifetimes are shown in 

Tables 5.3 and 5.4.  

In general, the lifetimes become shorter as the clip increases since the nascent 

distributions have less rotational energy. CO relaxes significantly faster than CO2. For 

example, CO2 in 𝐽 = 240, populated using Clip 1, has a fast component 𝜏1 = 0.07 μs 

and a slow lifetime component 𝜏2 = 3 μs. At a comparable angular frequency with Clip 

1, CO in 𝐽 = 49 has a fast lifetime component 𝜏1 = 0.02 μs and a slow component 

𝜏2 = 0.6 μs. Overall, this CO transient relaxes nearly 5 times faster than CO2. For Clip 

3, the CO 𝐽 = 49 transient has a single exponential lifetime of 𝜏1 = 0.4 μs, which is 4 

times shorter than the longer lifetime  𝜏2 = 2 μs for CO2 in 𝐽 = 240. This comparison 
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indicates that the CO has more efficient rotational energy transfer than CO2 with the 

same angular frequency.  

Table 5.3: Lifetime of CO2 rotational levels 

 Clip 1 Clip 2 Clip 3 

CO2 𝐽-level 𝜏1 (μs) 𝜏2 (μs)  𝜏1 (μs) 𝜏2 (μs) 𝜏1 (𝜇𝑠) 𝜏2 (μs) 

200 500 ---- 500 ---- 3 ---- 

212 0.07 3 0.08 3 2 ---- 

228 0.2 3 0.2 2 0.2 ---- 

234 0.08 4 0.2 2 0.1 2 

240 0.07 3 0.1 2 0.09 2 

 

Table 5.4: Lifetime of CO rotational levels 

 Clip 1 Clip 2 Clip 3 

CO Rotational 

Level 

𝜏1 (μs) 𝜏2 (μs) 𝜏1 (μs) 𝜏2 (μs) 𝜏1 (μs) 𝜏2 (μs) 

41 0.8 ---- 0.02 0.8 0.09 0.6 

43 1 ---- 0.7 0.8 0.5 0.7 

46 0.8 ---- 0.2 0.7 0.2 0.6 

48 0.8 ---- 0.1 0.6 0.5 ---- 

49 0.02 0.6 0.3 0.7 0.4 ---- 

 

Once the optical trap has reached the angular frequency that corresponds to the 

critical intensity, the distribution of molecules released from the trap scales with the 

trap intensity. This behavior was demonstrated in Figures 5.5g and 5.5h. The time-

dependent relaxation of this subset of molecules is further investigated here. Figure 5.6 

shows snapshots of the CO2 and CO populations at 10 times from 𝑡 = 100 to 1000 ns. 

The CO2 𝐽 = 228 level shows a decrease in population over time, whereas the 𝐽 = 240 

level shows little population change. Both distributions show collisional broadening 

over time. The rotational distributions were fit to exponential functions 𝑒−𝛽𝑥 where 𝛽 
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is the exponential parameter. The broadening of the CO distribution is narrower than 

that for CO2. The CO data have a fitting parameter 𝛽 = 0.19 𝐽−1, whereas CO2 has 

𝛽 = 0.064 𝐽−1. The data in Figure 5.6, along with the lifetime data, show that CO 

relaxes more quickly than CO2 for the same range of angular frequencies. Smaller 

energy gaps result in more efficient rotational energy transfer. CO energy gaps are 

∆𝐸 = 174 cm-1 on average in this region whereas the average energy gaps for CO2 are 

∆𝐸 = 347 cm-1.  The factor of two in the energy gaps arises from CO2 having even 𝐽 

levels in the (0000) vibrational level. 

 
Figure 5.6. Time-dependent rotational distribution of CO2 and CO using the Clip 3 bandwidth. 

The rotational distributions were fit to exponential functions. 

5.3.4 Capture and Acceleration Efficiencies 

Here, capture and acceleration efficiencies of CO and CO2 are compared based 

on the nascent population distribution measurements. The total number density of 

molecules that are captured and angularly accelerated in an optical centrifuge can be 

determined by summing the population over all 𝐽 levels. Data collected with the  optical 
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full bandwidth centrifuge give a measure of the 𝐽-independent number densities of 

molecules that fall out of trap. The clipped bandwidth data are used to characterize the 

inverted distributions that are released by the centrifuge. For CO with 𝐽 < 41, the 

average number density is 𝑁 = 4.8 𝑥1012 cm-3 per level and for CO2 with 𝐽 < 200, the 

average number density is 𝑁 = 2.5 𝑥1012 cm-3 per level. These values are shown in 

Figure 5.7 in grey. The nascent distributions from Clip 3 are shown in red. Number 

densities for levels that were not measured are interpolated and shown in green. 

 

Figure 5.7 Determining total number densities of captured CO and CO2 molecules in the 

tunable optical centrifuge using Clip 3. The measured CO (𝐽 = 41to 49) and CO2 (𝐽 = 200 to 

240) are shown as red circles, the average number densities using the full optical centrifuge 

bandwidth are shown as grey circles, and interpolated data between rotational levels in the 

nascent distribution are shown as green circles.  

 

 The total number densities for captured molecules were determined using the 

three reduced bandwidth measurements. These values are shown in Figure 5.8a as a 

function of Clip number. The total number density for CO is near 𝑁𝑂𝐶(𝐶𝑂) =

3.1 × 1014 cm-3 for each Clip. The total number density for CO2 with Clip 1 is 

𝑁𝑂𝐶(𝐶𝑂2) = 5.2 × 1014cm-3. The values for CO2 decrease slightly with Clip number, 

and for Clip 3, 𝑁𝑂𝐶(𝐶𝑂2) = 4.1 × 1014 cm-3. The average number density for CO2 is 

𝑁𝑂𝐶(𝐶𝑂2) = 4.6 × 1014 cm-3. The ratios of total number density for captured CO2 and 

CO is approximately 1.5, as shown in Figure 5.8b. Thus, both CO2 and CO are captured 
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and accelerated with nearly the same efficiencies. The increased value for CO2 is most 

likely because of its larger interaction energy with the field. 

 

Figure 5.8 a) Total number densities of trapped molecules for CO and CO2 from integrated 

distributions. b) The ratio [CO2]:[CO] = 1.5. 

 

Capture and acceleration efficiencies are determined by comparing the number 

density of centrifuged molecules to the number density in the cell. The number density 

at 500 mTorr is 𝑁 = 1.6 × 1016 cm-3. Our results show that the optical centrifuge 

captures and accelerates about 2% of the CO sample and about 3% of the CO2 sample. 

These values are most likely lower limits since the complete distributions were not 

measured directly and were tabulated based on extrapolated lower-𝐽 levels and 

interpolated higher-𝐽 levels.  

5.3.5 Intensity-Dependent Nascent Populations 

Figure 5.9 explores how the molecules released by the centrifuge are affected 

by the intensity of the trap. Figure 5.9a shows the instantaneous laser power of the trap 
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in units of mJ per ps as a function of angular frequency. Figure 5.9b shows number 

densities of CO and CO2 as a function of the instantaneous laser power. For each 𝐽-

level measured, the maximum number density of molecules that are released from the 

trap occurs when the instantaneous laser power is near 0.05 mJ ps-1. The data in Figure 

5.9b show that CO and CO2 are released from the optical centrifuge at similar trap 

intensities. 

 

Figure 5.9 a) Instantaneous laser power of sequentially clipped pulses and a function of 

optical centrifuge angular frequency. Transient populations at 100 ns of CO2 (b) and CO 

(c) rotational states as a function of instantaneous laser power. The optical trap 

effectively traps CO and CO2 molecules until an instantaneous power near 0.05 mJ ps-1. 
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A molecule remains trapped in the field until the interaction potential experienced 

by the molecule has fallen below the lower limit  

                                                              𝑈0 > 2𝜋𝐼𝛽,                                        (5.3) 

where 𝛽 is the chirp rate. Equation 5.3 can be combined with Equation 2.1 to provide 

a given pulse intensity required for sufficient trapping of a molecule and is shown in 

Equation 5.4.  

 𝐸2 >
8𝜋𝐼𝛽

Δ𝛼
                                           (5.4) 

 The values of 𝐼 ∆𝛼⁄  are 2.46 and 3.05 for CO and CO2, respectively, and 

therefore the lower limit for these two molecules to stay trapped is similar. These 

similar ratios are likely the reason that CO and CO2 follow a similar trend in Figure 

5.9. These results provide a lower limit of intensity 𝐼 needed to rotationally excite 

molecules, and will enable future experiments by allowing us to maximize population 

in levels with specific rotational energies through manipulation of the bandwidth and 

intensity of the electric field. Increasing number densities of nascently centrifuged 

molecules provides an opportunity to study the dynamics of molecules in this newly 

explored energy regime.  

5.4 Conclusion 

We have shown that high-resolution transient IR absorption spectroscopy is a 

powerful tool capable of measuring the capture and acceleration efficiency of the 

optical centrifuge. The first experiment using the full bandwidth of the optical 

centrifuge provides a measure the 𝐽-independent number density of molecules that fall 

out of the trap as it proceeds through its angular acceleration. The second set of 
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measurements provide number densities for the CO and CO2 nascent distributions. The 

results show that the optical centrifuge captures and accelerates about 3% CO2 and 

about 2% CO. Parameters of the optical centrifuge can now be tuned to maximize the 

number density of captured molecules. Increasing the number density of captured 

molecules will result in larger signal sizes such that the collision dynamics of nascently 

centrifuged molecules can be further studied.  
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Chapter 6:  Investigating the Relaxation of the Nearly-Nascent 

CO and N2O Distributions with a Buffer Gas Collision Partner 

6.1 Introduction 

In this chapter, the relaxation dynamics of CO and N2O super rotors with He 

and Ar buffer gases are investigated. Sudden and adiabatic collision regimes are 

explored from the impact that He and Ar buffer gases have on super rotor relaxation. 

A sudden collision occurs when the interaction time 𝑡𝑐𝑜𝑙 between collisions partners is 

comparable to or longer than the rotational period 𝑡𝑟𝑜𝑡 of the molecule. In this regime, 

the rotational motion of the super rotor is slow enough that impulsive collisions can 

occur between the collision partners, and energy is readily transferred. An adiabatic 

collision occurs when the rotational interactions that are period of the molecule 𝑡𝑟𝑜𝑡 is 

much faster than the interaction time 𝑡𝑐𝑜𝑙, leading to more repulsive and less efficient 

energy transfer. Argon is ten times more massive than helium, which leads to 

differences in their relative velocities and interaction times in super rotor collisions.  

An adiabaticity parameter describes the efficiency of rotation-to-translation 

energy transfer during a collision based on the rotational period of the molecule 𝑡𝑟𝑜𝑡 

and the duration of the collisional interaction 𝑡𝑐𝑜𝑙: 

𝑎 =
𝑡𝑐𝑜𝑙

𝑡𝑟𝑜𝑡
.    (6.1) 

When 𝑎 ≤ 1, the collisions are in the sudden regime, and efficient rotation-to-

translation energy transfer is expected. When 𝑎 > 1, the collisions are in the adiabatic 

regime, leading to less efficient rotation-to-translation energy transfer. The classical 

rotational period of the molecule is 

 𝑡𝑟𝑜𝑡 = 2𝜋/𝜔𝑟𝑜𝑡,    (6.3) 
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where 𝜔𝑟𝑜𝑡 is the rotational frequency of the molecule in units of radians per second. 

The average collision duration is defined here as  

𝑡𝑐𝑜𝑙 = ℓ/𝜐𝑟𝑒𝑙,    (6.2) 

where ℓ is the distance of the collision interaction and 𝜐𝑟𝑒𝑙 is the relative velocity 

between collision partners. The interaction length ℓ is determined from a Lennard-

Jones potential energy curve for a head-on collision at 300 K, and is taken to be the 

distance 𝜎 that marks the onset of the repulsive interaction to a larger distance at which 

the absolute value of the potential energy is 1% of thermal collision energy (3 cm-1). 

The transition between the adiabatic to sudden collision regimes has not been measured 

experimentally for CO and N2O super rotors and the exact range of interaction lengths 

remains unknown. 

A Lennard-Jones potential energy describes the interaction between two non-

bonding atoms or molecules based on their distance of separation. The potential 

𝑉(𝑟) accounts for the combination of attractive forces (including dipole-dipole, dipole-

induced dipole, and dispersion) and repulsive forces: 

𝑉(𝑟) = 4ℰ [(
𝜎

𝑟
)

12

− (
𝜎

𝑟
)

6

].   (6.4) 

In this equation, ℰ is the well-depth of the potential, which describes the strength of the 

attractive component between collision partners, 𝜎 is the maximum distance at which 

the potential is repulsive, and 𝑟 is the center-to-center distance between the two 

particles. For collisions of a buffer gas (BG) and a super rotor (SR), values of 𝜀 and 𝜎 

were determined  

𝜀𝑐𝑜𝑙 = 𝑢𝑠𝑖𝑛𝑔√(𝜀𝐵𝐺 ∗ 𝜀𝑆𝑅)   (6.5) 
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and 

𝜎𝑐𝑜𝑙 =
(𝜎𝐵𝐺+𝜎𝑆𝑅)

2
.    (6.6) 

The Lennard-Jones parameters for He-CO, He-N2O, and Ar-N2O collisions are shown 

in Table 6.1. The collision rate constant 𝑘𝐿𝐽 was determined from Equation 2.26. 

Table 6.1 Lennard-Jones parameters for buffer gas-super rotor collisions 

Collision 

Partners 

𝜀𝐿𝐽 (cm-1) 𝜎𝐿𝐽 (𝑥10−10 m) 𝑣𝑟𝑒𝑙 (m s-1) 𝑘𝐿𝐽 (10−10cm3s−1) 

He-CO 22.2 3.16 1460 3.82 

He-N2O 33.0 3.08 1430 3.75 

Ar-N2O 113 3.50 600 2.78 

 

The Lennard-Jones potential energy curves for collisions between He-CO, He-

N2O, and Ar-N2O are shown in Figure 6.1a. The potential energy curve for Ar-N2O 

collisions (red) has an attractive component that is 3-5 times stronger than He 

collisions with N2O and CO. Adiabaticity curves for collisions between He-CO, 

He-N2O, and Ar-N2O are shown in Figure 6.1b based on the adiabaticity parameters 

shown in Table 6.2. Because the reduced mass of Ar and N2O is 5.7 times larger 

than that with He as a collision partner, the relative velocity 𝑣𝑟𝑒𝑙 is smaller and the 

collision interaction time 𝑡𝑐𝑜𝑙 is longer. The division between sudden and adiabatic 

collision regimes occurs near 𝑎 = 1. The rotational levels where 𝑎 = 1 for He-CO, 

He-N2O, and Ar-N2O are estimated as 𝐽 = 54, 213 and 53, respectively. Rotational 

levels are investigated here for CO and N2O that are near 𝑎 = 1 for collisions with 

He: 𝐽 = 42 − 70 for CO and 𝐽 = 92 − 197 for N2O. At an angular frequency of 

Ω𝑂𝐶 = 3.03 × 1013 radians s-1, CO is rotationally excited to 𝐽 = 42 with 𝐸𝑟𝑜𝑡 =

3400 cm-1 and N2O is rotationally excited to  𝐽 = 192 with 𝐸𝑟𝑜𝑡 = 15,500 cm−1. 
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Figure 6.1 a) Lennard-Jones potential energy and b) adiabaticity curves for collisions between 

CO and N2O with He and Ar.  

 

 

Table 6.2 Adiabaticity parameters for super rotor-buffer gas collisions 

Molecule Reduced mass 

(amu) 

𝑡𝑐𝑜𝑙 (ps) Rotational level 𝐽 

where 𝑎 = 1 

CO-He 3.50 0.16 54 

N2O-He 3.67 0.19 213 

N2O-Ar 20.9 0.76 53 

 

6.2 Experimental Details 

 The optical centrifuge was used to populate high-𝐽 rotational levels of CO and 

N2O to investigate the effect that collisions with buffer gas atoms have on the rotational 

relaxation of the nearly-nascent distribution of centrifuged molecules. As shown in 

Figure 6.1a, two optical bandwidths were used in this experiment, the full trap 

bandwidth (grey) and a reduced bandwidth (blue). The instantaneous angular frequency 

of both centrifuges is shown in Figure 6.1b. The full bandwidth trap has optical 

intensity beyond Ω𝑜𝑐 = 6.0 × 1013 radians s-1. The reduced optical bandwidth (shown 

in blue) has a decreasing slope from Ω𝑜𝑐 = 2.5 to 3.5 × 1013 radians s-1. The collision 

dynamics of He and Ar buffer gases with CO and N2O were investigated using high-

resolution transient IR absorption. The sample detector used in this experiment had a 
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100 ns rise time. Transient absorption signals for CO 𝐽 = 42 to 70 and N2O 𝐽 = 92 to 

197 were collected with either vertically polarized or horizontally polarized IR probe 

light, at a pressure of 5 Torr. Buffer gas experiments with CO were performed by 

adding up to 10 Torr He. Buffer gas experiments with for N2O were performed by 

separately adding up to 10 Torr He or 10 Torr Ar. Transient Doppler-broadened line 

profiles were measured for CO 𝐽 = 42 to 70 with 4 Torr CO and either 2 Torr or 

4 Torr He. Doppler profiles were measured for N2O 𝐽 = 140 − 197 with 5 Torr N2O 

and either 10 Torr He or 10 Torr Ar. Line profiles were fit to Gaussian functions and 

the time dependent translational temperatures were extracted from the fits. 

 
Figure 6.2 a) Clipped optical bandwidth (shown in blue) used to populate high-𝐽 rotational 

levels of N2O. b) Time-dependent angular frequency of clipped optical bandwidth (shown in 

blue) compared to the full optical bandwidth (shown in grey). 
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6.3 Results 

Here, the collision dynamics of CO and N2O with He and Ar buffer gas are reported.  

6.3.1 CO-He Collisions 

The in-plane and out-of-plane transient signals of CO in levels with 𝐽 = 42 −

70 at a pressure of 5 Torr with the addition of 0, 5, and 10 Torr helium are shown in 

Figure 6.3. The full bandwidth optical centrifuge was used for the CO buffer gas 

experiments. The in-plane transient signals maximize at 𝐽 = 62 and show decreased 

signal in 𝐽 = 70, indicating an inverted rotational population. The out-of-plane signals 

decrease with increasing 𝐽, highlighting that the higher-𝐽 levels have a larger degree of 

angular momentum orientation. With the addition of 5 Torr and 10 Torr He, the 

transient signals above 𝐽 ≥  54 decrease overall, showing that the addition of He 

increases the rate of rotational relaxation. The in-plane and out-of-plane transient 

signals for 𝐽 = 70 decrease by a factor of 2.5 with the addition of 10 Torr He, whereas 

the 𝐽 = 42 level retains nearly the same population. The population at the peak of the 

distribution, 𝐽 =  62, reduces by a factor of two when 10 Torr He is added. Overall, 

He efficiently removes population from the highest rotational levels, 𝐽 = 54 to 70. The 

IP and OOP transient signals for the 𝐽 = 42 level are not affected very much, with a 

standard deviation of 0.04% and 0.02%, respectively, at 200 ns by the addition of He. 

This observation indicates that this level primarily gains population through the 

collisional cascade.  



 

 

102 

 

 

Figure 6.3 In-plane and out-of-plane transient signals of CO 𝐽 = 42 − 70 at a pressure of 

5 Torr with 0, 5, and 10 Torr He added. 

 

 The in-plane and out-of-plane fractional absorption signals of the CO 𝐽 =

 42 − 70 rotational levels with 0, 5, and 10 Torr He at three times, 𝑡 = 100 − 300 ns, 

are shown in Figure 6.4. At a pressure of 5 Torr CO and no He, the distribution peaks 

at 𝐽 = 62 and an inverted population is shown at the three measurement times. By 𝑡 =

300 ns, the peak of the distribution is still discernible, with population decreases 

observed at each 𝐽-level measured. Significant population still remains at 𝑡 = 300 ns. 

The relaxation dynamics of the rotational distribution are similar with the addition of 

5 Torr He, showing a maximum population in 𝐽 = 62 at 𝑡 = 200 ns, but the overall 

population in levels 𝐽 > 54 is reduced. The peak of the inverted distribution is also 
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narrower when He is present. With the addition of 10 Torr He, the peak of the 

distribution at 𝐽 = 62 decreases by a factor of three, and the inverted nature of the 

distribution is significantly diminished. At 𝑡 = 200 ns and no He, population in 𝐽 =

62 level is more than twice that of  𝐽 = 42. When 10 Torr He is added, the 𝐽 = 62 

population is 1.5 times larger than 𝐽 = 42 population at 𝑡 = 200 ns. By 𝑡 = 300 ns, 

the CO levels with 𝐽 ≥ 42 have essentially no population remaining. These data 

highlight the fact that He is an efficient quencher of rotational energy in CO.  

 
Figure 6.4 Fractional absorption for 5 Torr CO in rotational levels 𝐽 = 42 to 70 over 𝑡 = 100 

to 300 ns with the addition of 5 Torr (middle panel) and 10 Torr (bottom panel) He. 
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The pressure dependence of CO rotational relaxation was investigated using 

variable He pressures and 4 Torr CO. The fractional absorption signals at 𝑡 = 160 ns 

are shown in Figure 6.5 for several CO levels with 𝐽 = 42, 54, and 62 with 0 to 4 Torr 

He. For 𝐽 = 54 and 62, the transient signals generally decrease with increasing He and 

have a similar pressure dependence based on a linear fit of the data. For the lowest 

rotational level measured,  𝐽 = 42, the transient signals remain relatively unchanged 

overall.  

 
Figure 6.5 Pressure dependence of 4 Torr CO in 𝐽 = 42 to 62 with 0 to 4 Torr He. Fractional 

absorption measurements taken at 𝑡 = 160 ns and collected with parallel IR polarization. 
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Figure 6.6 shows Doppler-broadened line profiles of CO in 𝐽 = 42 at 𝑡 =

200 ns and a pressure of 4 Torr with increasing He pressure ranging from 0 to 4 Torr. 

For 𝐽 = 62, the He pressure ranged from 0 to 2 Torr. The Doppler profiles were 

collected with vertical IR polarization that is parallel to the plane of molecular rotation. 

Signals collected using horizontal IR polarization were too small to measure Doppler 

profiles. The residuals of the Gaussian fit are shown below each Doppler profile. The 

translational energy was extracted from the FWHM of the fit of each profile. 

 
Figure 6.6 a) Doppler-broadened line profiles of 4 Torr CO in 𝐽 =  42 at 𝑡 =  200 ns with 

increasing He pressure from 0 to 4 Torr. b) Doppler profiles of 𝐽 =  62 at 𝑡 = 200 ns with 

increasing He pressure from 0 to 2 Torr. Profiles were collected with vertical IR polarization. 
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 Figure 6.7a shows the time-dependent translational energy of molecules in 

rotational levels with 𝐽 = 42 and 𝐽 = 62 at a pressure of 4 Torr with 0 Torr He. Based 

on a Lennard-Jones collision rate constant of 𝑘𝐿𝐽 = 2.93 × 10−10 cm-3 s-1 for CO-CO 

collisions, the average time between collisions at 4 Torr is 26 ns. At 𝑡 = 160 ns (or ~6 

collisions), molecules in 𝐽 = 42 and 62 have translational energy near 𝑇 = 400 K. 

Both levels show little increase in translation from 𝑡 = 160 to 250 ns (6-10 collisions). 

After 𝑡 = 250 ns, the population is removed from the higher rotational levels and 

relaxed into lower levels, indicating that the population loss from the 𝐽 = 42 and 

62 levels occurs without significant translational energy gain.  

Figure 6.7b shows the translational energy in 𝐽 = 42 and 62 at pressures of 

4 Torr CO with 2 Torr He added. Based on a Lennard-Jones collision rate constant for 

CO-He, the average time between collisions is 13 ns at total pressure of 6 Torr. 

Molecules in 𝐽 = 42 have translational temperatures near 𝑇 = 400 K at 𝑡 = 160 ns (12 

collisions). The translational energy for 𝐽 = 62 decreases to temperatures near 𝑇 =

300 K with the addition of He and remains relatively constant throughout 𝑡 = 160 to 

250 ns. The cool translational temperatures for the 𝐽 = 62 level that persist through 

~12 to 19 collisions on average indicate that these molecules undergo mainly adiabatic 

collisions with He or collisions with CO from which the scattered molecules have little 

recoil velocity. This observation also suggests that first set of collisions with He 

preferentially removes molecules in 𝐽 = 62 with more translation, leaving behind a 

subset of cooler molecules than were initially prepared in the centrifuge.  
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Figure 6.7c shows the translational energy of 𝐽 = 42 at a pressure of 4 Torr CO 

with 4 Torr He added. At 8 Torr total pressure, the average time between collisions is 

10 ns. At 𝑡 = 160 ns, the translational energy increases slightly near 𝑇 = 500 K and 

remains relatively constant through 𝑡 = 160 to 250 ns (~16-25 collisions). The 

relatively low translational temperatures show that 𝐽 = 42 undergoes mainly adiabatic 

collisions with He.  

 
Figure 6.7 Time-dependent translational temperature for CO in 𝐽 = 42 and 𝐽 = 62 at pressures 

of 4 Torr with a) 0 Torr He, b) 2 Torr He, and c) 4 Torr He. 
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The data presented here for the collision dynamics of CO and He show that He 

is an efficient quencher of rotational energy in CO and that little translational energy 

accompanies the production of CO in rotational levels with 𝐽 ≥ 42. The adiabaticity 

parameter for He-CO collisions has a value of one when 𝐽 = 54, based on the model 

used here. The translational temperatures for 𝐽 = 42 and 62 with 2 Torr He show the 

collision products with higher-𝐽 levels have lower recoil velocities, and that the 

collisions that produce 𝐽 = 62 are more adiabatic than collisions that produce 𝐽 = 42. 

It would be interesting to explore the phenomenon by probing higher-𝐽 levels, which is 

not feasible for CO given that the peak of the centrifuged distribution is at 𝐽 = 62. 

Instead, we decided to explore higher rotational levels by investigating collisions of 

optically centrifuged N2O with He. 

6.3.2 N2O-He Collisions 

The collision dynamics between N2O and He are reported in this section. The 

optical centrifuge bandwidth was tuned to maximize population in 𝐽 = 195 at a 

pressure of 5 Torr. Figure 6.8 shows transient signals collected using the full optical 

bandwidth (black) and the clipped optical bandwidth (red) collected using parallel 

polarized IR light. The population in 𝐽 = 195 increases by a factor of 7 by reducing 

the optical bandwidth of the optical centrifuge.  
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Figure 6.8 Transient signal of 𝐽 = 195 at a pressure of 5 Torr using the full optical bandwidth 

(black) and clipped optical bandwidth (red) with vertical IR polarization. 

 

 Transient signals were collected for N2O in 𝐽 = 92 − 197 at a pressure of 

5 Torr with 0 Torr and 10 Torr He and are shown in Figure 6.9. The transients were 

collected with parallel polarized IR probe. The 5 Torr N2O measurements without He 

(shown in red) show an inverted population distribution that peaks at 𝐽 = 195 and has 

reduced signal in 𝐽 > 196. Under these conditions, the signal for 𝐽 = 195 is twice the 

intensity of that for 𝐽 = 180. With the addition of 10 Torr He, the population in 𝐽 =

195 is no longer the peak intensity and is nearly equal to that for 𝐽 = 180, indicating 

that He collisions lead to efficient rotational energy transfer of N2O. 
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Figure 6.9 Transient absorption signals of N2O in 𝐽 = 92 − 197 at a pressure of 5 Torr with 0 

Torr (red) and 10 Torr (blue) He added. The transient signals were collected with parallel 

polarized IR light. 

 

 Figure 6.10 shows the time-dependent fractional absorption signals of 𝐽 = 92 −

197 from 𝑡 = 130 − 250 ns at a pressure of 5 Torr N2O and with 10 Torr He. In Figure 

6.10a, the inverted population distribution is clear with 𝐽 = 195 showing maximum 

population at 𝑡 = 130 ns. With the addition of 10 Torr He, the peak of the distribution 

decreases six-fold at 𝑡 = 130 ns, whereas the fractional absorption in 𝐽 = 92 is 

essentially unchanged. This observation shows that He rotationally relaxes N2O 

rotational levels with 𝐽 ≥ 170 efficiently and that lower-𝐽 levels are populated by 

collisional energy transfer. By 𝑡 = 250 ns, without He there is an inverted rotational 

distribution that peaks at 𝐽 = 195. With the addition of 10 Torr He, the rotational 

distribution between 𝐽 = 140 to 197 has close to zero population by 𝑡 = 250 ns. 
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Figure 6.10 Time-dependent fractional absorption of 𝐽 = 92 − 197 collected with parallel 

polarized IR light at a pressure of 5 Torr N2O with a) 0 Torr and b) 10 Torr He. 

 

 Doppler-broadened line profiles for 𝐽 = 140 − 197 were collected using s-

polarized IR light at a pressure of 5 Torr N2O and with 0 and 10 Torr He. The Doppler 

profiles were fit to Gaussian functions at 𝑡 = 150 ns and the residuals of the fits are 

shown below each profile in Figure 6.11. 
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Figure 6.11 Doppler-broadened line profiles for 𝐽 = 140 to 197 at pressures of 5 Torr N2O 

with 0 Torr (top panel) and 10 Torr He (bottom panel) are shown at 𝑡 = 150 ns after the 

optical centrifuge pulse.  

 

 The translational temperatures are plotted as a function of time for 𝐽 = 140 −

197 at 5 Torr N2O and with 10 Torr He are shown in Figure 6.12a and 6.12b. The 

average time between collisions for 5 Torr N2O is 18 ns and for 15 Torr N2O-He is 

5 ns. In Figure 6.12a, the translational temperature for 𝐽 = 195 with no He present is 

near 𝑇 = 450 K at 𝑡 = 120 ns.  This value persists to 𝑡 = 250 ns (~14 collisions) until 

population is removed from this level. The 𝐽 = 170 and 197 rotational levels both have 

translational temperatures initially near 𝑇 = 550 K at 𝑡 = 120 ns (~7 collisions) that 

steadily increase to 𝑇 = 700 K by 𝑡 = 250 ns. In contrast, N2O in 𝐽 = 140 has a 
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translational temperature near 𝑇 = 900 K at 𝑡 = 120 ns and the temperature increases 

to 𝑇 = 1300 K by 𝑡 = 250 ns. The measurements in Figure 6.12a indicate that N2O 

molecules with 𝐽 ≥ 170 result from collisions that result in very little translational 

energy gain, while molecules with 𝐽 = 140 result from collisions involving rotation-

to-rotation/translation energy transfer. 

Adding 10 Torr He has a significant effect on the translational energies of the 

N2O molecules, as shown in Figure 6.12b. The 𝐽 = 195 level of N2O has significantly 

more translational energy in the presence of He, indicating that He increases the 

impulsive nature of the relaxing collisions. The 𝐽 = 170 level also has enhanced 

translation in the presence of He. In contrast, the 𝐽 = 140 level initially has lower 

translational energy in the presence of He and has a smaller increase in translational 

temperature over time. Translational energy for the 𝐽 = 197 level remains relatively 

unchanged in the presence of He. 

 

Figure 6.12 Time-dependent translational energy for 𝐽 = 140 to 197 with a) 0 Torr and b) 10 

Torr He. 
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The average translational temperatures of  𝐽 = 140 to 197 at pressures of 5 Torr 

N2O with no He added (red circles) and with 10 Torr He added (blue triangles) is shown 

in Figure 6.13. The 5 Torr measurements are shown at 𝑡 = 250 ns (~14 collisions) and 

the 15 Torr measurements are shown at 𝑡 = 100 ns (~20 collisions). Without He, the 

highest levels 𝐽 = 195 to 197 initially exhibit translation near thermal temperatures, 

with average translational energy decreasing with increasing  𝐽. With the addition of 

10 Torr He, the 𝐽 = 195 level has translational energy near 𝑇 = 1200 K, while the 

lower-𝐽 levels such as 𝐽 = 140 are translationally cooler with temperatures near 𝑇 =

900 K than when He is absent. The increase in the translational energies of the 𝐽 =

195 molecules in the presence of He shows that He-N2O collisions are more impulsive 

than N2O-N2O collisions, which come into the adiabatic regime when one of the N2O 

molecules is in 𝐽 = 44. Rotational levels between 𝐽 = 160 to 170 are relatively 

unaffected by the addition of He. It is interesting that levels below 𝐽 = 160 are cooler 

in the presence of the He buffer gas, whereas levels above 𝐽 = 170 are hotter when He 

is present. This observation shows that the addition of a He buffer gas can be used to 

change the 𝐽-dependent translational energy release in collisions of centrifuged 

molecules.    
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Figure 6.13 Translational temperature for rotational levels 𝐽 = 140 to 197 at 5 Torr (red 

circles) after ~14 collisions and with 10 Torr He (blue triangles) after ~20 collisions. 

6.3.3 N2O-Ar Collisions 

 Transient signals of 𝐽 = 92 to 197 at 5 Torr N2O and with 10 Torr Ar are shown 

in Figure 6.14. The transient measurements were collected with parallel polarized IR 

light. Transient signals with 5 Torr N2O (red) show an inverted population distribution 

that peaks at 𝐽 = 195. An inverted distribution is also observed with the addition of 

10 Torr Ar (blue), but the peak of the distribution shifts to 𝐽 = 197, whereas the other 

transient signals decrease slightly. 

 

Figure 6.14 Transient absorption signals of 5 Torr N2O (red) in 𝐽 = 92 to 197 and with 10 Torr 

Ar added (blue). Measurements were collected with vertical IR polarization. 
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 Time-dependent fractional absorption signals are shown in Figure 6.15 at three 

times from 𝑡 = 130 to 250 ns of a) 5 Torr N2O and b) with 10 Torr Ar added. In the 

5 Torr measurements, the 𝐽 = 195 level is the peak of the distribution at 𝑡 = 130 ns. 

All levels measured relax over time out to 𝑡 = 250 ns, except for 𝐽 = 140, which 

remains constant, and 𝐽 = 92, which grows in the collisional cooling of higher-𝐽 levels. 

With the addition of 10 Torr Ar, the transient signals show reduced population for all 

levels at 𝑡 = 130 ns. The inverted population distribution is still visible with a 

maximum at 𝐽 = 197. With the addition of Ar, the population in 𝐽 = 195 is reduced 

by 40%, whereas that for 𝐽 = 197 is reduced by 20% at 𝑡 = 130 ns. In comparison, 

the 𝐽 = 195 level in Figure 6.10 is reduced by 79% and 𝐽 = 197 is reduced by 76% 

with the addition of He. This observation indicates that Ar is less efficient than He at 

rotationally relaxing the high-𝐽 N2O levels with 𝐽 ≥ 195. By 𝑡 = 250 ns the population 

in the high-𝐽 approaches zero. 
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Figure 6.15 Time-dependent fractional absorption from 𝑡 = 130 to 250 ns of a) 5 Torr N2O 

and b) with 10 Torr Ar added. 

 

 Doppler-broadened line profiles were collected for N2O in 𝐽 = 195 to 197 at a 

partial pressure of 5 Torr with 10 Torr Ar and are shown in Figure 6.16. The profiles 

are shown at 𝑡 = 150 ns and the residuals of the Gaussian fits are shown below each 

profile. At a total pressure of 15 Torr, the average time between N2O and Ar collisions 

is 7 ns. At 𝑡 = 100 ns (~14 collisions) molecules with 𝐽 = 195 have translational 

temperatures near 𝑇 = 780 K. Molecules with 𝐽 = 197 have cooler translational 

temperatures near 𝑇 = 600 K. Both rotational levels gain little translation from 𝑡 =

100 to 220 ns (~14 to 31 collisions).  
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Figure 6.16 Doppler broadened line profile at 𝑡 = 150 ns and time-dependent translational 

energy from 𝑡 = 100 to 220 ns for a) 𝐽 = 195 and b) 𝐽 = 197 at a pressure of 4 Torr N2O with 

10 Torr Ar.  

 

 A comparison of translational temperatures of 𝐽 = 195 and 197 at 5 Torr N2O 

(red circles), with 10 Torr He (blue squares), and with 10 Torr Ar (green triangles) is 

shown in Figure 6.17. The data are shown after ~14 collisions for 5 Torr N2O (𝑡 = 250 

ns) and with 10 Torr Ar (𝑡 = 100 ns), and after ~20 collisions with 10 Torr He (𝑡 =
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100 ns). For the 𝐽 = 195 level, collisions with He lead to larger recoil than do collisions with 

Ar or N2O, indicating that He collisions are more impulsive than the other two partners. For 

𝐽 = 197, collisions with Ar and He are more adiabatic.  

 
Figure 6.17 Translational temperature of 𝐽 = 195 to 197 at 5 Torr N2O (red circles) with 

10 Torr He (blue squares) and 10 Torr Ar (green triangles). The data shown are after 14 

collisions for 5 Torr N2O (𝑡 = 250 ns) and with 10 Torr Ar (𝑡 = 100 ns), and are shown at 20 

collisions with 10 Torr He (𝑡 = 100 ns). 

Conclusions 

 The collision dynamics of CO super rotors in 𝐽 = 42 to 70 and N2O super rotors 

in 𝐽 = 92 to 197 with He and Ar buffer gases are explored here. Transient absorption 

signals and Doppler-broadened line profiles reveal that He collisions lead to faster 

quenching and larger recoil than collisions with Ar, indicating more sudden collisional 

energy transfer. Interestingly, the 𝐽 = 197 rotational level of N2O gains less 

translational energy with both buffer gasses as a collision partner than 𝐽 = 195. This 

suggests that 𝐽 = 197 with rotational angular frequency of 3.11 × 1013 radians s-1 could 

be in a transition regime between the adiabatic (where 𝑎 > 1) and sudden (where 𝑎 ≤

1) collision regimes. Future studies on N2O-He super rotor collisions above 𝐽 = 197 

would help investigate the role of extreme rotational motion in molecular collisions.  
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Chapter 7:  Conclusions and Future Work 
 

 The optical centrifuge is a powerful optical method that non-resonantly drives 

molecules with anisotropic polarizability to rotational levels far beyond thermal 

equilibrium. In the work presented here, three different optical centrifuge traps were 

used to rotationally excite N2O, CO, and CO2 to high-𝐽 levels. The collision dynamics 

of the rotationally excited samples were investigated using a high-resolution transient 

IR absorption spectrometer. The optical centrifuge prepares an ensemble of molecules 

with oriented angular momentum vectors. Polarization-dependent transient absorption 

measurements yield information on the reorientation dynamics and energy transfer as 

well as absolute number densities and new IR spectral transitions.  

 In Chapters 3 and 4, the nearly-nascent rotational distributions of N2O and CO 

were prepared using a reduced and full bandwidth optical centrifuge, and characterized 

with polarization-dependent transient absorption measurements. The results show that 

the nearly-nascent molecules prepared by the optical centrifuge have an inverted 

population distribution that is highly anisotropic, exhibit gyroscopic behavior, and have 

cool translational temperatures that persist throughout several collisions. Population 

was measured in rotational levels for N2O up to 𝐽 = 205 (𝐸𝑟𝑜𝑡 = 17, 380 cm−1) and 

for CO up to 𝐽 = 67 (𝐸𝑟𝑜𝑡 = 8,650 cm−1) using the reduced bandwidth trap, and for 

CO up to 𝐽 = 80 (𝐸𝑟𝑜𝑡 = 12, 300 cm−1) using the full bandwidth trap. This was the 

first observation of how much angular momentum the full bandwidth optical centrifuge 

imparts to CO and provides an indication of how much of the spectral bandwidth is 

used in the acceleration process.  
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Doppler-broadened line profiles shown in Chapters 3 and 4 reveal that N2O 

molecules in 𝐽 = 195 have translational temperatures near 𝑇 = 500 K after ~2 

collisions, whereas CO molecules in 𝐽 = 75 have sub-thermal temperatures near 𝑇 =

 240 K. The translational broadening observed for 𝐽 = 195 indicates that the optical 

centrifuge initially prepares N2O molecules well above 𝐽 = 200. The nascent 

distribution of N2O prepared by the full bandwidth optical centrifuge has not been 

measured yet due to limitations in the IR range of the current experimental set up, as 

well as unknown IR spectral transitions above 𝐽 = 205.  It would be interesting to 

extend the IR tuning range in our transient spectrometer to observe the extent of N2O 

molecular excitation using the full bandwidth trap as well as to measure new IR spectral 

transitions and collision dynamics of N2O molecules above 𝐽 = 205. 

 The transient measurements collected for the nearly-nascent distributions of 

N2O and CO using the reduced and full bandwidth optical centrifuges revealed that the 

slope of the rotational distribution mimics the intensity profile of the optical trap. This 

was our first indication that we could selectively populate rotational levels by changing 

the spectral bandwidth of the optical trap, leading to a tunable optical centrifuge.   

 A tunable optical centrifuge was used in Chapter 5 to explore how the molecular 

properties of CO and CO2, such as polarizability anisotropy and moment of inertia, 

affect the capture and acceleration efficiecies in the optical trap. Total number densities 

measured for the nascent distributions show that the optical centrifuge captures and 

accelerates about 3% CO2 and about 2% CO from the total gas sample. The nascent 

distributions reveal that the critical optical trap intensity to hold onto the molecules is 

larger for CO than for CO2, causing CO molecules to be released from the trap sooner 
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and leading to a broader distribution than for CO2. Parameters of the optical centrifuge 

can now be tuned to maximize the number density of captured molecules in select 

rotational levels.  

The tunable optical centrifuge opens the door to more targeted studies of 

molecules in select rotational levels. Varying the optical centrifuge chirp rate could 

also expand the range of molecular species captured and accelerated to include heavier 

or non-symmetric molecules. MacPhail et. al. have recently shown in molecular 

simulations that a slow centrifuge with a chirp rate of 0.017 rad ps-2 could capture and 

excite nearly ~20% of a propylene oxide sample.51 MacPhail et. al. describe the 

parameters needed to create a “fast” and “slow” optical centrifuge by changing the 

groove density and distance between the double-pass double-grating stretcher in the 

pulse shaper.51 A tunable centrifuge with a variable chirp rate could allow the 

exploration of more complex reactions involving heavier molecules with large amounts 

of angular momentum.  

The efficiency of collisional energy transfer between CO and N2O super rotors 

with He and Ar buffer gases were explored in Chapter 6. The results reveal that He 

collisions lead to faster rotational quenching and larger recoil than collisions with Ar, 

indicating more sudden collisional energy transfer. Interesting collision dynamics were 

observed for N2O super rotors in rotational levels between 𝐽 = 195 to 197 with He and 

Ar. Doppler profiles reveal small translational energy gain for N2O molecules in 𝐽 =

197 from collisions with both buffer gases, whereas molecules in 𝐽 = 195 gain 

substantially more translation with the addition of buffer gas. This observation suggests 

that the 𝐽 = 197 (Ω = 3.11 × 1013𝑟𝑎𝑑 𝑠−1) rotational level could be in a transition 
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between the adiabatic and sudden collision regimes. Molecular dynamic simulations of 

centrifuged N2 by Khodorkovsky et. al. describe two stages of super rotor relaxation: a 

period of inhibited rotation-to-translation relaxation due to a high value of the 

adiabaticity parameter (𝑎 ≫ 1), followed by an explosive release of rotation-to-

translation energy transfer based on the role of chain reactions first proposed by 

Semenov.49,52 Khodorkovsky states that the shape of the transition stage between the 

two regimes is determined by the dynamics of the collision products and the 

distribution of the collision events. The transition between adiabatic and sudden 

collision regimes can be explored further by extending the IR tunability for N2O above 

𝐽 = 205 to investigate the role of extreme rotational motion in molecular collisions. 

 The results reported here add to the growing body of knowledge surrounding 

super rotor molecules. The development of the tunable optical centrifuge will help 

increase signal-to-noise in the nascent rotational distributions and could provide more 

targeted studies of specific rotational levels and interactions. It would be interesting to 

change the chirp rate of the centrifuge in addition to a tunable bandwidth. A slower 

accelerating chirp rate could trap heavier or nonlinear molecules. Polarization-

dependent studies of a nonlinear molecule accelerated by the optical trap would 

investigate the principal axis that interacts with the field. Overall, the optical centrifuge 

is a powerful tool to understand the behavior and energy transfer processes involved in 

high energy molecules. 
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