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We report highly sensitive Fourier-transform coherent anti-Stokes Raman scattering spectroscopy enabled by 

genetic algorithm (GA) pulse shaping for adaptive dispersion compensation. We show that the non-resonant four-

wave mixing signal from water can be used as a fitness indicator for successful GA training. This method allows GA 

adaptation to sample measurement conditions and offers significantly improved performance compared to 

training using second harmonic generation from a nonlinear crystal in place of the sample. Results include a 3× 

improvement to peak signal to noise ratio for 2-propanol measurement, as well as a 10× improvement to peak 

intensities from the high-throughput measurement of polystyrene microbeads under flow.  

 

Fourier-transform coherent anti-Stokes Raman scattering 

(FT-CARS) spectroscopy [1–3] is a time-domain Raman 

spectroscopic method, where molecular vibrations are 

excited and interrogated with ultrashort pulses. FT-CARS 

spectroscopy is distinguished from other coherent Raman 

methods, such as frequency-domain CARS and stimulated 

Raman scattering spectroscopy, by its capability to produce 

broadband, background-free Raman spectra. The spectral 

acquisition rate of FT-CARS, which is determined by the 

scanning rate of the delay between ultrashort pump-probe 

pulses, can be higher than a few tens of kHz using a rapid 

mechanical scanner or dual-comb techniques [4,5]. FT-CARS 

spectral bandwidth is determined by its optical pulse 

bandwidth, resulting in Raman spectra spanning more than 

3,000 cm-1 demonstrated with sub-10 fs pulses [6,7]. Initially 

developed with an eye towards microscopy [8–10], the 

progression of FT-CARS spectroscopy to the ultrafast regime 

has opened the technique to high-throughput applications 

such as flow cytometry, where it has been used to study 

metabolic dynamics in large microalgal populations with 

single-cell resolution [11,12].  

Unfortunately, the sensitivity of FT-CARS spectroscopy, 

like other methods for coherent Raman scattering 

spectroscopy, is often limited to the low millimolar range, 

depending on the analyte [13,14]. Sensitivity enhancement 

via pulse shaping has been explored in time-domain Raman 

spectroscopy using spectral focusing [15–17], non-resonant 

background (NRB) suppression [18,19], and signal 

enhancement by pulse compression [20,21]. In the case of 

FT-CARS, spectral focusing sacrifices the mixed-analyte 

detection ability of its broadband measurement while 

background suppression is already accomplished via careful 

selection of the Fourier-transform region. The remaining 

approach, time-domain Raman spectroscopy, has been 

demonstrated in previous CARS works using spectrally 

resolved second harmonic generation (SHG) to analytically 

characterize the spectral phase of the pulse. These efforts 

produced transform-limited or near-transform limited 

pulses in the nonlinear optical crystals they employed 

[20,21]. However, in applications with a high-NA objective, 

such as microscopy or flow cytometry, pulse shaping with a 

replacement nonlinear medium does not always offer 

optimal pulses for sample measurement because the 

temporal and spatial profiles of the pulse in the sample can 

differ significantly from its profiles in the replacement 

medium [22]. Additionally, implementing spectrally resolved 

SHG detection can complicate the experimental setup. 



Genetic algorithm (GA) pulse shaping offers an adaptive 

approach to dispersion compensation in nonlinear optical 

systems, where the GA is used to search the space of phase 

compensation solutions [23,24]. GA progression towards an 

optimized solution can be judged experimentally with a 

spectrally resolved measurement, or naively with a signal-

intensity-based approach. While previous demonstrations 

typically used SHG from a nonlinear crystal or four-wave-

mixing (FWM) from graphene [25] at the sample position, the 

adaptive nature of GA pulse shaping implies it can function 

without sample replacement provided that a suitable 

nonlinear signal can be achieved under the spectrometer’s 
normal configuration. 

Here we report highly sensitive FT-CARS spectroscopy 

with a high-NA objective enabled by GA pulse shaping using 

a spatial light modulator (SLM). Importantly, we show that 

the non-resonant FWM intensity signal from water in the spectrometer’s normal sample container can serve as a 
fitness feedback mechanism. This allows GA-based pulse 

compensation with no modification to the system’s normal 
optical configuration, both simplifying the setup and 

ensuring dispersion compensation addresses the system as 

used during sample measurement. Using our method, we 

demonstrate a more than 3× improvement in signal-to-noise 

ratio (SNR) from a pure solvent (2-propanol), allowing us to 

resolve weaker peaks otherwise lost to noise with only 

chirped mirror pulse compression. We also demonstrate a 

~10× improvement in peak intensity from polymer 

microbeads measured under high-throughput flow-through 

measurement conditions at ~360 beads/s. 

A schematic of our FT-CARS spectrometer and the GA 

pulse shaper is shown in Figure 1A. Briefly, the system 

consists of a Ti:Sapphire pulsed laser (pulse width 16 fs, 

Coherent, Vitara T-HP) as the light source, an SLM pulse 

shaper and chirped mirrors (Thorlabs, DCMP175) for 

dispersion compensation, a rapid-scan pulse pair generator 

for interferometry, and a PC for signal digitization 

(AlazarTech, ATS9440) and analysis. In a flow cytometer 

configuration, we placed a microfluidic chip with integrated 

acoustic focusing to flow particles or cells at the optical focus 

between a paired objective and condenser (Olympus, 

LCPLANN50X0.65IR). We used LabVIEW (National 

Instruments, version 2016) for real-time spectral analysis 

during pulse shaping and Igor Pro (WaveMetrics, version 8) 

for post-processing of experimental data. The pulse shaper 

was constructed from a dispersive prism (Thorlabs, PS859), 

a cylindrical concave mirror (Thorlabs, CCM400P01), and 

SLM (Santec, SLM200) configured in a retroreflective 4-f 

configuration with the SLM at the Fourier plane. 

We wrote the pulse shaping GA in LabVIEW based on 

previous work [26]. Our algorithm began by seeding 50 

random genes, each composed of 192 values. These values 

set the optical phase displacement by the SLM pixels, with 

each value assigned to 10 binned pixels across the 1,920 

horizontal pixels of the device (pixels were vertically 

uniform). The pulse shape for each gene was tested and 

assigned a score by a fitness feedback mechanism. The top 

20% of genes from each generation were cross-bred and 

mutated to create 50 genes for the next generation. To 

prevent a decrease in fitness, a copy of the top-scoring gene 

was passed unchanged to the new generation as well.  

To measure an FT-CARS spectrum, the pulse pair 

generator split each incoming pulse into a pair of pulses and 

scanned intra-pair delay from ~50 fs to ~1.8 ps. The first 

pulse (pump) of each pair drove coherent vibration in the 

sample and the second (probe) scattered from it. The  

 

Fig. 1. Schematic and example spectra. A) 

Schematic of FT-CARS with integrated 4-f SLM 

pulse shaper. B) Example of time-domain signal 

acquisitions. Normally the pulse-pair overlap 

region (optical delay < 0.05 ps) is moved outside 

of the acquisition region to remove non-

resonant background signal, as shown for 2-

propanol. This non-resonant signal region can 

be seen by the large intensity in the pulse 

overlap region in the corresponding H2O 

interferogram. C) Raman shift spectra 

recovered from the Fourier-transform of the 

traces in A. The 2-propanol trace shows a 

vibrationally resonant peak with low 

background. The H2O trace shows the broad 

spectrum produced by non-resonant wave 

mixing at the pulse-pair overlap region. 

probability for this scattering to produce anti-Stokes photons 

was modulated in time by the vibrational wave packet, so 

that anti-Stokes scattering intensity measurements iterated 

across increasing delay mapped the vibration in the time 

domain. A full scan took 41.7 µs. Signal detection was 

enhanced by a long-pass filter (Thorlabs, FELH0750), used to 

create a sharp spectral edge along the blue side of each pulse 

before the sample, and a short-pass filter (Thorlabs, 

FESH0750), used to remove unshifted probe light after the 

sample. The signal was digitized to create a time-domain 

interferogram. 



The measurement of 2-propanol is shown in Figure 1B. 

The Fourier transform (FT) of this interferogram produced 

the Raman spectrum shown in Figure 1C. A strong non-

resonant anti-Stokes signal during pump-probe overlap 

(around 0 fs) can be seen in the interferogram for water in 

Figure 1B and its FT spectrum is shown in Figure 1C. This 

broad, bandwidth-spanning FWM spectrum is referred to as 

NRB in CARS literature, and is a significant source of spectral 

distortion. Normally in FT-CARS, this pulse overlap region is 

windowed out of the FT to entirely avoid NRB distortion in 

the recovered spectra. However, the non-linear, non-

resonant nature of this phenomenon allows it to function as 

a Raman-mode-agnostic reporter of pulse intensity during 

GA pulse shaping.  

We detected the non-resonant FWM signal with two 

different methods for pulse shaping feedback. The first, which we call “Signal 1,” measured the spectral intensity of 

the FT-CARS-recovered NRB spectrum. This signal was 

measured as the spectral geometric mean from 300 – 1,600 

cm-1 averaged across ~2 ms of acquisition. The second, which we call “Signal 2,” consisted of photo intenisty at the anti-

Stokes scattering detector averaged across 2 ms. While the 

first method is limited to systems able to recover a CARS 

spectrum, the second is applicable to systems outside the 

CARS discipline by the inclusion of a shortpass filter before 

the photodetector. Given the nature of FWM, we expected a 

cubic power dependence from both Signal 1 and Signal 2, but 

with measurement found a 2.9 and 2.4 power dependence, 

respectively. This suggested that the anti-Stokes scattering in 

the system included a non-FWM optical process that 

transited the shortpass filter but fell outside the FT-CARS 

spectral region. Nevertheless, the nonlinear nature of both 

phenomena allowed them to be used as fitness feedback 

signals for GA pulse shaping aimed at maximizing pulse 

intensity. For comparison, we also performed GA pulse 

shaping with SHG as a fitness feedback mechanism after 

replacing the sample container with a β-barium borate (BBO) 

crystal (reported as “SHG” in the data). To compare results to performance without the pulse shaper (reported as “Control” 
in the data), we removed the pulse shaper from the beamline 

and optimized the number of chirped mirrors bounces at -

5600 fs2 based on FT-CARS peak intensity from 2-propanol 

(increased from the value of -4550 fs2 used during pulse 

shaping). 

Pulse shaping with each fitness mechanism was 

continued for several hundred generations until fitness 

improvement flattened. Each generation took ~30 seconds to 

complete. To directly compare the results of the different 

pulse shaping methods, we loaded profiles from every 50th 

generation of the methods onto the SLM and measured the 

FT-CARS NRB spectrum of water. A fitness score was then 

assigned based on the area under the NRB curve, with scores 

shown in Figure 2A. The final SLM pattern for each method is 

shown in Figure 2B. The spectrally dispersed light was 

located on the central third of the SLM face. While both 

profiles trained against the H2O in the flow cell show a similar 

structure, we note that the SHG profile trained with the BBO 

at the sample position is distinctly different. This suggests a 

significant difference in index of refraction between the 

media. Spectra of 2-propanol taken from the control 

condition and the final Signal 1 pulse shaping profile are 

compared in Figure 2C. Both spectra are an average of 100 

acquisitions (4.2 ms of measurement) and have been 

normalized to peak height. The improvement from pulse 

shaping is apparent as a reduction in baseline noise and the 

appearance of peaks at 490 and 957 cm-1. We calculated the 

SNR (mean intensity divided by standard deviation) for these 

peaks for the final pulse profile from both methods and the 

control, shown in the Figure 2B inset. The best pulse shaping   

 

Fig. 2. Pulse shaping results. A) GA fitness 

progression mapped as Signal 1 spectral area at 

every 50th generation of pulse shaping. B) Final 

SLM pattern for each method. C) Spectra from 2-

propanol measured with the final Signal pulse 

shaping profile and the control, normalized to 

peak height. Inset) Corresponding signal to 

noise ratios (average / standard deviation) at 

the three peak positions indicated by markers in 

C (490 cm-1, 817 cm-1, and 906 cm-1). Unshown 

markers have SNR < 1. D) Single-bead spectra 

taken with the final SLM profile for each pulse 

shaping experiment, offset from zero for clarity. 

E) Scatter plot of peak intensities for PS beads 

under flow. N = ~400 events for each group. 

Result, which yielded a 3× increase in SNR over the control. 

While this study produced the best result with Signal 1 as the 



GA feedback mechanism, in principle both Signal 1 and Signal 

2 fitness scores should converge given enough time. 

To demonstrate signal improvement for a high-throughput 

FT-CARS spectroscopy application, we performed particle 

measurement under flow-through conditions to simulate 

Raman flow cytometry. Specifically, we measured 6-µm 

polystyrene (PS) beads at a flow rate of 4 cm/s with five 

spectral acquisitions per event. An event is defined as the 

triggering of measurement by the passage of a bead, bead-

cluster, or debris. For triggering, we used the rising edge of 

the forward-scattering signal. Throughput was 360 ± 16 

events/s, counted as event triggers across 1 s for three 

repeats. Analysis of forward scattering data allowed removal 

of events triggered by an out-of-focus bead or a bead cluster. 

We did this to ensure that signal fluctuations due to poor 

acoustic focusing or multiple-bead events had a minimal 

effect on results. Single event Raman spectra can be seen in 

Figure 2D. All spectra in Figure 2 were interpolated with a 

spline to determine peak intensities. A scatter plot of these 

peak intensities is shown in Figure 2E. Overall, pulse shaping 

with both Signal 1 and Signal 2 produced a 10× increase in 

Raman peak intensity over the control method, as shown by 

the single bead spectra and peak intensity scatterplot. This 

improvement should directly translate to higher sample 

throughput in flow cytometry applications with biological 

samples, which are typically throughput-limited by their 

much weaker signals. The SHG-based pulse shaping profile, 

optimized in a BBO crystal, did not produce results better 

than the control for measurement in a flow cytometry chip. 

Though we believe this was largely due to refractive index 

differences between the crystal and flow chip, we note that 

our simple method was unable to extract the spectral phase 

of the pulse. This phase information is required to claim that 

the pulse profile in the BBO was fully optimized before 

returning to the flow chip.  

These results indicate that the non-resonant FWM signal 

from water works well as a feedback mechanism for GA pulse 

compression in FT-CARS spectroscopy. The use of water as a 

nonlinear optical medium simplified the pulse shaping setup 

and minimized potential differences in system dispersion 

between GA training and sample measurement. While our 

method lacked the pulse characterization provided by more 

complex analytical approaches (and thereby any claims of 

reaching the transform limit), it provided a robust and easy 

method for increasing signal (SNR by 3× and peak intensities 

by 10×) with minimal modification to the system. This 

improvement can translate to higher sample throughput and 

the detection of lower concentration analytes or weaker 

Raman modes. Planned applications for our improved 

system include Raman-activated cell sorting [27]. While this 

demonstration utilized an FT-CARS spectrometer, the use of 

FWM as a pulse shaping feedback mechanism can in principle 

easily be extended to other nonlinear spectrometers with 

femtosecond pulsed laser sources. 
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