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Hybrid fs/ps coherent anti-Stokes Raman scattering employing coherent control is presented
for selective excitation of combustion-relevant species. Femtosecond pulse shaping is accom-
plished experimentally using a 4-f pulse shaper with a spatial light modulator at the Fourier
plane. A feedback-controlled genetic algorithm for adaptive pulse shaping is used to optimize
for the selective excitation of CO, (near 1388 cm~!) and O, (near 1556 cm™!) rovibrational
transitions in a non-reacting flow. 0D fs/ps CARS measurements acquired in a near-adiabatic
flame demonstrate the use of coherent control in a combustion environment.

L. Introduction

He continued optimization of jet turbine engines is driven by a desire to increase fuel efficiency while minimizing
Tpollutants that contribute to anthropogenic climate change. Aircraft exhaust emissions—which include carbon
dioxide (CO,), carbon monoxide, water vapor, nitrogen oxides (NOx), unburnt hydrocarbons (UHC), and particulate
matter (PM)[/1]—are responsible for approximately 3.5% of net anthropogenic effective radiative forcing [2]]. Despite
only accounting for approximately 3% of global CO, emissions [1]], aviation emissions disproportionately impact
climate as they emit directly into the sensitive upper troposphere and lower stratosphere, and alter a wide range
of atmospheric processes [3]. Advances in sustainable fuels, propulsion technology, aircraft configuration, and
low-emissions technology are required to mitigate the environmental impact of commercial transport aircraft [[1]. While
propulsion technology developments such as electric, hybrid, and hydrogen-powered aircraft have the potential for
emission reduction, they also face numerous technical barriers making widespread adoption challenging in the near
future. Sustainable aviation fuels (SAF) offer substantial advantages in CO;, SO;, and PM emissions when compared
against conventional petroleum-based fuels, and do not require changes to existing engine or combustion chamber
designs [4,15]]. However, the impact of SAF on unburnt hydrocarbon emissions is not well characterized. Differences in
volatility, thermal stability, and viscosity between SAFs and traditional jet fuels can impact atomization and combustion
performance, impacting NOx and UHC emissions [4]]. High-fidelity hydrocarbon speciation is critical to understanding
the impact of SAF on atmospheric chemistry processes and global climate change.

UHC:s have the potential to impact atmospheric chemistry in a variety of ways. UHCs undergo photochemical
reactions with NOx to produce ozone and secondary organic aerosols, which are primary contributors to photochemical
smog and significantly impact air quality [4}16]. As UHCs are emitted during all flight phases, they are dispersed into the
atmosphere at all levels; causing for example both stratospheric ozone depletion as well as harmful tropospheric ozone
production [1f]. Despite their short atmospheric lifetime, UHCs are involved in a number of chemical reactions that can
lead to the formation of greenhouse gases (i.e., methane and CO;) and indirectly contribute to global warming [4]]. UHCs
are also directly related to condensable organics, which condense and agglomerate in the exhaust plume to form volatile
particulate matter [7]]. Measurements of individual chemical species that contribute to total UHC emissions are rare but
are important for understanding the impact of different SAFs on both global climate and local air quality [8]. Speciation
of total UHC emissions is important because different classes of organic molecules exhibit different environmental
effects; for example, alkenes and aldehydes are the most reactive compounds for photochemical air pollution [9]. Even
among the same class of hydrocarbons, different molecules may exhibit different behaviors. Therefore, individual
hydrocarbon speciation is necessary to fully understand the impact of SAF emissions on atmospheric chemistry. For
instance, among polycyclic aromatic hydrocarbons, anthracene (Ci4H;j) and benzo[a]pyrene (CyoHj;) are the most
reactive while fluoranthene (Ci¢H1o) and chrysene (CigHi,) are the least reactive compounds towards ozone oxidation
[10].

Hybrid femtosecond/picosecond coherent anti-Stokes Raman scattering (fs/ps CARS) allows for non-intrusive mea-
surements of thermodynamic properties (i.e., species concentration, temperature, pressure) of combustion environments
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with high spatial and temporal resolution [11H13]]. Benefits of fs/ps CARS include kHz-scale measurement rates, high
pulse energies, nonresonant background suppression, and relative insensitivity to collisions. fs CARS suffers from
poor spectral resolution of neighboring pulses due to the bandwidth of the fs pulses. Relative to fs CARS, fs/ps CARS
improves spectral resolution through the use of the ps probe pulse, which has a resolution of ~1-10 cm~!. Studying
UHC emissions, which may differ between various SAFs, with fs/ps CARS becomes difficult as the Raman fingerprint
region (1000-1500 cm™" [14]) may be quite congested when studying a complex mixture such as aircraft exhaust. As a
result, selective excitation of molecular modes is being investigated using coherent control methods to improve the
spectral sensitivity of fs/ps CARS for quantitative speciation of aircraft UHC emissions.

Quantum coherent control aims to direct a quantum system from an initial state to a final desired state through the
exploitation of constructive and/or destructive quantum mechanical interferences [[15, [16]]. Coherent control of light
interaction with matter can be accomplished with ultrafast laser pulse shaping through phase, amplitude, or polarization
modulation [17], and can be applied to nonlinear optical spectroscopy methods to enhance a spectral feature of interest
[1819]. For example, phase modulation of a CARS excitation pulse has been employed to achieve selective excitation
of 0, (1556 cm™1) and N, (2230 cm™!) vibrational modes in ambient air [20]], N; (2330 cm™!) and CO, (2230 cm™!)
vibrational modes in a 1:1 N»/CO; mixture, [20], benzene (near 1050 cm_l) and chloroform (near 700 cm_l) vibrational
modes in a binary liquid mixture [21]], and individual vibrational modes (near 800, 1000, and 1200 cm™!) of gas-phase
toluene [22]. This work extends the use of coherent control with fs/ps CARS to a combustion environment. The use of
phase modulation to achieve selective excitation of combustion reactant and product species in a hydrogen/air flame
with CO; dilution is investigated. Q-branch transitions of O, (near 1556 cm™!) and CO, (near 1280 and 1388 cm™) are
targeted. Phase modulation is employed to selectively excite O, and CO, Q-branch transitions in a room-temperature gas
jet and at elevated temperatures in a near-adiabatic benchtop flame. O, and CO, are targeted due to the relatively close
spacing of their rovibrational transitions compared to previous studies. Additionally, as opposed to exhaust relevant
hydrocarbons, the spacing of the rovibrational bands is large enough to allow for validation of the coherent control
methods employed in this study.

II. Theory

A. Hybrid fs/ps CARS

Hybrid fs/ps CARS is a nonlinear, four-wave mixing spectroscopic technique that utilizes two fs pulses and one ps
pulse overlapped spatially and temporally to produce a coherent laser-like signal containing thermodynamic information
(i.e., temperature, pressure, species concentration) about the molecules in the overlapping probe volume. The two
fs pump/Stokes pulses (W pump/Wsiokes) provide high peak power broadband excitation of vibrational or rotational
molecular transitions, and the ps probe pulse (wprobe) is used to probe the molecular response. Frequency and timing
diagrams for hybrid fs/ps CARS are shown in Fig. [T]
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Fig.1 (a) Timing and (b) and frequency diagrams for fs/ps CARS.

The CARS intensity Icars(w) is proportional to the resonant and nonresonant third-order polarizations, Pﬁi)‘ (w)
and P,(,f,)nres(w), respectively [L1]]:
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The nonresonant polarization can be neglected by delaying the probe pulse in time relative to the initial excitation. The



resonant polarization is dependent on the incoming electric fields of pump (E,), Stokes (Ej), and probe (E,,) and the
CARS susceptibility (ycars):
P (wa) = ey E Es(w)E 2
res (W4 OXCARS(w4’ w1, w2, W3) p(wl) s(w2) pr(a)3) 2
The resonant frequency-domain polarization is the inverse Fourier transform of the induced time-domain complex
polarization:
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where 71 is the delay between the pump and Stokes pulses, 723 is the delay between the Stokes and probe pulses, R4(¢)
is the CARS molecular response, and w1 and w, are the angular frequencies of the pump and Stokes pulses, respectively
[23]. The excitation amplitude of the Raman mode induced by the interaction of pump and Stokes (with a frequency
difference of Q) is the convolution of the pump and Stokes electric fields: [19}21]]

A(Q) = Es(w) ® Ep(w) = /mEj(w—Q)Ep(w)dw=/m|Es(w—Q)Ep(w)|ej[¢’(“’>"”(“”9)]dw 4)
0 0

where i (w) is the spectral phase. Selective excitation of molecular modes can be achieved through phase modulation
of one of the two excitation pulses; the Stokes pulse was modulated in this experiment. Q-branch transitions of O,
(near 1556 cm™!) and CO, (near 1280 and 1388 ~!) were targeted using the frequency difference between w pump and
wsrokes- Feedback-controlled, closed-loop pulse shaping methods were employed to selectively excite the O, and CO,
transitions individually.

B. Pulse Shaping

Femtosecond pulse shaping theory is based on the linear, time-invariant filter, which can be described in either the
time or frequency domain [[17]. In the time domain, the output of the pulse shaper is the convolution of the incoming
electric field and an impulse response function which characterizes the pulse shaper:

Cour (1) = h(1) ® ein(r) = / dt' et (i - 1') )

Femtosecond pulse shaping is typically accomplished in the frequency domain, as electronics are not fast enough to
allow for programmable control in the time domain. In the frequency domain, the resultant pulse is the product of the
frequency response of the pulse shaper H(w) and the incoming pulse:

Eout(w) = H(w)Ein(w) (6)

where e;,, (1), e,u: (1), and h(t) are Fourier transforms pairs of E;;, (w), Eoy(w), and H(w) [[17)]. Pulse shaping is
achieved experimentally using a 4-f pulse shaper, shown in Fig. 2] which consists of a pair of diffraction gratings
and cylindrical lenses, and a pulse shaping mask at the Fourier plane. The first grating (G1) disperses the individual
frequency components within the incident pulse, and the first lens (CL1) focuses them to small diffraction-limited spots
at the Fourier plane. A mask is placed in this plane to manipulate the spatially dispersed optical Fourier components.
Various 4-f configurations allow for control of phase [[18, 20-22| 24, [25]], amplitude [25]], and/or polarization [24} 25].
This experiment utilizes phase masks created using a programmable liquid crystal on silicon spatial light modulator
(LCoS SLM). SLMs utilize birefringent crystals to achieve user-specified phase shifts by modifying the optical path
length of individual frequency components; a 27 phase shift changes the optical path length by approximately 1
wavelength. The mask acts both as a spatial and spectral mask, as spatial position and frequency are coupled at the
Fourier plane; the field immediately after the SLM is described by Eq.

Em(x,0) = Eip(w)e” =" "M (x) )

where « is the spatial dispersion at the masking plane, wy is the radius of the focused beam at the masking plane (for any
single frequency component), and M (x) is the masking function [17]. A second lens (CL2) and grating (G2) recombine
frequencies into a collimated beam, and the shaped output pulse is the product of the Fourier transform of the mask



CL1 Mask CL2
fs A Shaped
input output

Fig. 2 4-f pulse shaper for fs pulse shaping with a transmissive mask.

and the input pulse. A pulse shaping mask with an appropriate transfer function can be designed if the desired output
waveform is known by the user. However, in many real systems the appropriate laser waveform can be difficult to predict,
especially for nonlinear processes where knowledge of the experimental Hamiltonian is insufficient [17, 26]]. In these
cases, adaptive pulse shaping using a feedback-controlled genetic algorithm is typically employed to search for the pulse
waveform that gives the best experimental result according to a user-specified fitness function.

II1. Methods and Experimental Setup

A. 4-f Pulse Shaper

The experimental reflective 4-f pulse shaper setup used in the current work is depicted in Fig. 3] The incoming
amplified fs pulse (4 = 800 nm, Az = 60 fs, 1 kHz) was directed to a holographic grating (Spectrogon, 1200 lines/mm,
efficiency >90% at 800 nm) which dispersed the individual frequency components. A cylindrical lens (f = 250 mm)
imaged the frequency components onto a reflective LCoS-SLM (Santec SLM-300) at the Fourier plane. A half waveplate
was used to match the optical axis of the SLM crystals.
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Fig. 3 4-f pulse shaper for fs pulse shaping with a programmable phase mask at the Fourier plane. HWP: half
waveplate; G: grating; CL: cylindrical lens; SLM: spatial light modulator; BBO: beta barium borate; SHG:
second harmonic generation; GRENOUILLE: grating-eliminated no-nonsense observation of ultrafast incident
laser light e-fields.

Prior to CARS measurements, the recombined pulse was characterized using a simplified second harmonic generation
(SHG) frequency-resolved optical gating (FROG) setup referred to as grating-eliminated no-nonsense observation of
ultrafast incident laser light e-fields (GRENOUILLE) [27]. Also shown in Fig. [3] the incoming pulse was split into



two equal components using a Fresnel lens and overlapped in a thick beta barium borate (BBO) crystal; the SHG
emission was directed to a CMOS camera (Teledyne Flir Blackfly S USB3). The resulting signal at the camera is a
GRENOUILLE trace with delay along the x-axis and wavelength along the y-axis. These GRENOUILLE traces can be
analyzed using the Trebino-Group SHG FROG code [28]], which yields a reconstructed trace, the pulse intensity, phase,
spectrum, and spectral phase.

B. CARS

The experimental fs/ps CARS setup is depicted in Fig. [d A 1-kHz, Ti:sapphire laser (Coherent Astrella) produces
a fs pulse (4 = 800 nm, Ar = 60 fs) which was split after pulse amplification. One portion was directed to a pulse
compressor followed by an optical parametric amplifier (Light Conversion TOPAS-Prime) which was used to generate
a frequency-tunable pump pulse. In this experiment, the pump wavelength was tuned to 710 nm to detect Q-branch
transitions of O, (near 1556 cm™!) and CO, (near 1280 and 1388 cm™!) simultaneously. The second portion of the
amplified fs pulse was directed to a pulse compressor and split again. One portion served as the Stokes pulse and was
directed through the 4-f pulse shaper described in Section [[Il.A]to produce a “shaped” excitation pulse. The Stokes
pulse was phase modulated to achieve selective excitation of the individual CO; and O, transitions. The other portion
was directed to a second 4-f pulse shaper (1200 lines/mm holographic grating, 250 mm cylindrical lens) with a slit
at the Fourier plane to generate a narrowband probe pulse (1 = 800 nm, 6¢ = 5 ps). The pump and probe beamlines
included delay stages to ensure temporal overlap. The probe delay was set to 5.2 ps to suppress nonresonant background.
The per-pulse energies of the pump, Stokes, and probe beams measured before the probe volume were 56 uJ, 560
uJ, and 11 pJ, respectively. The three beams were focused at the probe volume using a single 250 mm lens, and the
outgoing CARS signal was collimated with a 200 mm lens. A folded BOXCARS phase-matching configuration with a
crossing angle of 4° was employed to satisfy the conservation of momentum and enable spectral filtering of the CARS
signal. The generated CARS signal was focused into a 0.32 m spectrometer with a 2400 line/mm grating (IsoPlane
320, Princeton Instruments) and spectra were recorded using an electron-multiplied charge-coupled device (EMCCD)
camera (ProEM 1600 eXcelon 3).
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Fig. 4 Experimental fs/ps CARS schematic. HWP: half waveplate, BS: beam splitter, PC: pulse compressor;
DS: delay stage; TFP: thin film polarizer; OPA: optical parametric amplifier; SLM: spatial light modulator;
EMCCD: electron-multiplied charge-coupled device camera.

C. Genetic Algorithm

A feedback-controlled genetic algorithm was used to search for the pulse waveform that yields the best experimental
result according to a user-specified fitness function. In this experiment, the selective excitation of CO, and O,
rovibrational transitions was desired. For the selective excitation of CO,, the GA attempted to improve the excitation of
the CO, rovibrational band near 1388 cm™! by suppressing the O, rovibrational band near 1556 cm™'; the opposite
occurred for the selective excitation of O,. The algorithm started with a randomly generated population of individuals,
which are the phase masks applied to the SLM. CARS spectra were acquired for each individual in the population. A
fitness value was calculated for each individual according to a goal defined by the user. The individuals were then ranked
in terms of fitness; each iteration retained the best performing 40% of individuals. The remaining 60% of individuals



were generated through a crossover and mutation process. In this study, the population size was 30, the crossover rate
was 0.25, and the mutation rate was 0.5. The algorithm would run until the best fitness calculated was 0—indicating that
the experimental CARS spectrum matched the goal output—but quit early if the same individual is selected was "best"
for more than 5 iterations in a row, or if 25 iterations were completed. To test the functionality of the GA, the individuals
were limited to slit masks. The GA controls the width and center location of the slit; the phase shift of the slit was set at
0 and all other pixels were set to a phase shift of 7. To define a goal output, a CARS spectrum with no phase mask
applied was acquired; specific pixel ranges in the frequency axis were selected for frequency elimination. For each
individual in a population, 1000 spectra were acquired with an exposure time of 0.1 ms; these spectra were background
subtracted and averaged before being compared against the goal output. An individual’s fitness was calculated using the
sum of squares between the goal and the individual’s normalized spectra, denoted as 7 and G in Eq. [8} respectively.
Different weighting functions can be defined based on which frequencies should contribute more significantly to the the
GA result.

fitness = Z weight (I - G) (®)

D. Combustion System

A non-premixed Hencken burner was used to generate a near-adiabatic H, flame. The Hencken burner consists of a
600 mm? honeycomb burner surface surrounded by a 844 mm? coflow. Stainless steel fuel tubes are nested inside the
honeycomb structure and distributed evenly; each fuel tube is surrounded by six oxidizer tubes. When operating under
non-premixed conditions, the fuel and oxidizer flow out of their respective tubes and a series of small diffusion flames
are stabilized above the burner surface. For this experiment, the equivalence ratio was fixed at 0.3; the corresponding
flow rates of air, Hp, and N; coflow were 55 SLPM, 6.9 SLPM, and 85 SLPM, respectively. CO, was seeded into the
air input of the burner; the mole fraction of CO, in the reactants was set at 7%. CARS measurements were acquired
at a height of 3 mm above the burner surface, within a region where uniform temperature near the adiabatic flame
temperature is expected [29]]. Room temperature CARS spectra of CO; and O, were acquired by flowing CO; and air
through the burner oxidizer tubes at flow rates of 8 and 10 SLPM, respectively.

IV. Results

A. Selective excitation via feedback controlled, closed-loop femtosecond pulse shaping

Femtosecond pulse shaping capability was initially demonstrated using a 4-f pulse shaper with an SLM at the
Fourier plane. Four different phase masks are shown in the top row of Fig. [5]including: a slit mask, where a phase shift
of 7 has been applied to the center 10% of pixels and a constant phase shift of 0 has been applied to the rest of the SLM;
a sine mask, with an amplitude of 27 and a period of 65 pixels (5% of SLM width); a step mask, where a constant phase
shift of 7 has been applied to the left half of the SLM, and a constant phase shift of 0 has been applied to the right half;
a linear mask, where a linear phase shift from 0 to 7 has been applied to the left half of the SLM, and a constant phase
shift of 0 has been applied to the right half. Experimental GRENOUILLE traces corresponding to each mask are shown
in the second row of Fig. [5} a GRENOUILLE trace corresponding to a constant phase shift of 0 has also been included
for reference. The Trebino SHG FROG code was used to generate the reconstructed traces with G-errors [30] less than
1%. Pulse intensity and phase, and the pulse spectrum and spectral phase were extracted from the reconstructed traces.

Feedback controlled, closed-loop femtosecond pulse shaping using a genetic algorithm (GA) is utilized to achieve
selective excitation of CO, and O, rovibrational transitions in the Hencken burner flame. For the selective excitation of
CO,, the GA ftries to improve the excitation of the CO, rovibrational band near 1388 cm~! while suppressing the O,
rovibrational band near 1556 cm™'; the opposite occurs for the selective excitation of O,. The algorithm was used to
generate two masks: one to optimize for the suppression of the CO, band near 1388 cm™! and the other to optimize for
the suppression of the O, band near 1556 cm~!. The optimization routine utilized CARS spectra acquired at room
temperature in a non-reacting gas jet for feedback. Room-temperature spectra rather than high-temperature exhaust
gases were used for two reasons: (1) to achieve high signal-to-noise ratios for testing the algorithm and (2) because of
the long times currently required for the GA to converge upon an optimal phase mask. Additionally, running the GA in a
non-reacting flow such as a gas jet is desirable for the detection of UHCs. As the composition of aviation exhaust may
not be known, optimal phase masks for individual hydrocarbons should be designed using a mixture of known gases and
then applied to a combustion environment for hydrocarbon speciation.
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Fig. 5 Various phase masks for fs pulse shaping (1st row); corresponding experimental GRENOUILLE traces
(2nd row); SHG FROG traces retrieved using Trebino FROG algorithm (3rd row); the retrieved pulse in the time
(4th row) and frequency (5th row) domains.

CARS spectra were acquired in a near-adiabatic H, flame with and without the phase mask selected by the genetic
algorithm for suppression of the CO, rovibrational band. The results for the selective excitation of O, near 1556 cm™",
relative to CO, near 1388 cm™!, are shown in Fig. @ In both cases, 3000 CARS spectra were acquired with an exposure
time of 25 ms. Spectra were background subtracted and then averaged; results are shown in Fig. [f] The spectra are
normalized to the oxygen peak around 1556 cm~!. The average maximum intensities recorded on the 16-bit sensor with
and without the phase mask were 4,477 and 10,460, respectively. The optimal phase mask selected by the GA had a slit
width of 359 pixels (30% of SLM width) and was centered at pixel 1227. As shown in Fig. [6] the intensity of the CO,
band near 1388 cm™! has been clearly suppressed relative to the O, band. Without the phase mask, the normalized peak
intensity of CO; relative to O, was 1.985. With the phase mask applied, the normalized intensity of CO; was 0.348,
resulting in a suppression factor of 82.5% relative to O,. The intensity of the CO, band at 1388 cm™! relative to the CO,
band at 1280 cm~! was 3.38:1 without the mask, and 2.96:1 with the phase mask, indicating that the 1388 cm~! band
has also been suppressed relative to the 1280 cm™! band. However, full suppression of the CO, band was not observed.
The algorithm terminated optimization before reaching convergence because it had already performed 25 iterations.

CARS spectra were acquired with and without the phase mask designed by the genetic algorithm for the suppression
of the O, rovibrational band. The results for the selective excitation of the CO, rovibrational band near 1338 cm™!,
relative to Oy near 1556 cm™', are shown in Fig. [7| In both cases, 3000 CARS spectra were acquired with an exposure
time of 25 ms. Spectra were background subtracted and then averaged; results are shown in Fig. [§] The spectra are
normalized to the peak CO; intensity around 1388 cm™'. The optimal phase mask designed by the GA had a slit width
of 248 pixels (21% of SLM width) and a center location of 1546. The average maximum intensity with the phase
mask was 4,805. Nonresonant contribution is observed in Fig. [6]and can be suppressed in the future through a more
optimal selection of probe delay. It can be seen in Fig. E]that the intensity of the O, band near 1556 cm~! has been
slightly suppressed relative to the CO, band near 1388 cm™!. Without the phase mask, the intensity of the O, feature
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Fig. 6 Experimental CARS spectra of CO;, and O, in a H, flame with and without a phase mask optimized for
the selective excitation of the O, peak near 1556 cm™' (and suppression of the CO, band near 1388 cm™!).
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Fig.7 Experimental CARS spectra of CO; and O, in a H, flame with and without a phase mask optimized for
the selective excitation of the CO, peak near 1388 cm~' (and suppression of the O, band near 1556 cm™!).

normalized relative to CO; was 0.529. With the phase mask applied, the normalized intensity of O, was 0.438, resulting
in a suppression factor of 17% relative to CO,. The intensity of the CO, band at 1388 cm™~! relative to the CO, band at
1280 cm™~! was 5.417:1 without the mask, and 13.69:1 with the phase mask, indicating that the 1280 cm~! band has
been suppressed relative to the 1388 cm~! band. Once again, the algorithm terminated optimization before reaching
convergence because it had already performed 25 iterations. The mask selected by the genetic algorithm for the selective
excitation of CO; is not optimal, as a suppression factor close to 100% is desired. Further investigation into algorithm
parameters is necessary to improve selective excitation.

The optimization speed and final result depend strongly on the number of parameters the GA can control [31]]. In
this case, the GA was able to control 1920 parameters for the location of the slit, and 500 parameters for the slit width.
Decreasing the number of parameters the GA is able to select, particularly for slit location, could aid in optimization



speed and convergence. Modifications to GA parameters such as population size, crossover rate, and mutation rate may
also improve the final result; for example, a lower mutation rate would likely improve convergence [31]]. Modifications
to the fitness function, such as only considering ratios of different rovibrational bands instead of the entire spectrum,
may also improve selective excitation [21]. Allowing the algorithm to consider mask types other than slit masks, such as
sinusoidal, polynomial, or pseudorandom binary masks, may also improve the final result.

B. Improved selective excitation via manual phase mask application

Ideally, the genetic algorithm should identify the phase mask that is optimal for the selective excitation of a desired
rovibrational transition. However, it is evident from the CO; selective excitation results shown in Fig. that further
development of the GA is needed to improve the optimization process. Various phase masks were generated and applied
manually to test if improved suppression of a rovibrational band could be obtained without the GA. Slit masks with a
slit width and center location of 100 and 1200 pixels, respectively, were generated and applied. The phase shift applied
to the slit was varied from O to 27x; the background pixels were fixed at a phase shift of Oz. 1000 room temperature
CARS spectra were acquired at an exposure time of 0.1 ms, background subtracted, and averaged. Selected results are
shown in Fig. [8| focusing on the suppression observed for the CO, band near 1388 cm™'. For this result, the pump
wavelength was tuned to 718 nm to enhance the excitation of the CO, Q-branch transitions. It can be seen in Fig. [§]that
the phase shift applied to the slit mask impacts the degree of suppression for various rovibrational transitions within the
CO; band. Phase shifts of & were applied to the slit masks generated by the genetic algorithm, but a phase shift of 0.7x
appears more effective at suppressing the transitions around 1388 cm~!. Allowing the genetic algorithm to control not
only the width and center location of the slit, but the phase applied as well, would likely improve the effectiveness of the
resulting mask.
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Fig. 8 Room temperature experimental CARS spectra of the CO, rovibrational band near 1388 cm~! with
phase shifts of a) 0, b) 0.27, ¢) 0.7, and d) 17 applied to a slit mask (width and center location of 100 and 1200
pixels, respectively).

In addition to investigating the impact of phase shift on selective excitation, the impact of pump/Stokes timing
overlap was also studied. A slit mask with a slit width and center location of 100 and 1200, respectively, and a center
phase shift of & was applied. The pump delay stage was adjusted in increments of 10 fs. At each delay, 1000 room
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Fig.9 Room temperature experimental CARS spectra of the CO, rovibrational band near 1388 cm~' with a
constant slit mask applied (phase shift, background, width, and center location of 7, 0r, 100, and 1200 pixels,
respectively) and pump delays of a) -10 fs, b) 0 fs, and c) +10 fs.

temperature CARS spectra were acquired at an exposure time of 0.1 ms, background subtracted, and averaged; selected
results are shown in Fig. 0] Pump delay has been centered around Fig. [OB where it can be seen that certain frequencies
within the CO, rovibrational band have been suppressed around 1388 cm™'. When pump delay is set at -10 fs, transitions
within the rovibrational band centered around 1391 cm~! are suppressed. When pump delay is set at +10 fs, transitions
within the rovibrational band centered around 1386 cm™~! are suppressed. This behavior with variable pump delay was
not observed when no phase mask was applied. These results clearly demonstrate the capability to suppress specific
transitions within a rovibrational band.

As described previously by Equationd] the excitation amplitude of the Raman mode is determined by the interference
between all frequency pairs within the pump and Stokes excitation pulses separated by Q. The contribution of different
two-photon pairs interfere with a relative phase ¢(w) — ¢(w — Q) [18]]. As the relative timing overlap between pump
and Stokes changes, the frequency that has been phase-shifted using the SLM interacts with different frequencies in the
pump bandwidth, impacting the two-photon interaction process. This results in interference that manifests as different
transitions within the rovibrational band being suppressed. The ability to suppress these individual transitions with
manually applied masks indicates that improved selective excitation/suppression of combustion species is possible in
the future after implementing improvements including modifications to the evolutionary algorithm.

V. Summary and Future Work

The use of coherent control with fs/ps CARS for selective excitation of combustion species in a near-adiabatic flame
has been demonstrated. A genetic algorithm was used to select optimal phase masks for the selective excitation of
spectral bands of CO; near 1388 cm™! and O, near 1556 cm™!. The masks produced by the GA yielded a suppression
factor of 82.5% for CO; relative to O3, and 17% for O, relative to CO,. A suppression factor of 100% is desired. While
the basic functionality of the GA has been demonstrated through CO, suppression, the optimization routine currently
struggles to suppress relatively low energy transitions, as demonstrated by the lack of O, suppression. Modifications to
algorithm parameters including population size, crossover and mutation rates, the fitness function, and controllable
parameters will all be explored to improve its functionality. Control of various types of phase masks (i.e., sinusoidal,
pseudorandom binary) as well as control over the phase applied to slit masks will be explored in the future. The ability to
suppress transitions within a single rovibrational band through small changes in pump/Stokes temporal overlap has also
been demonstrated. The ability to suppress these transitions through a manually applied mask indicates that enhanced
selective excitation is possible in the future. Modifications to the fs/ps CARS system will be explored for increased
suppression of rovibrational transitions. In the future, this technique will be extended to studying neighboring Raman
transitions and hydrocarbon mixtures relevant to aviation exhaust. Additionally, coherent control for improving dynamic
range through the suppression of strong rovibration bands will be investigated in order to detect low-concentration
UHGCs.
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