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Organic layers at the air/water interface in the atmosphere and the hydrosphere are typically 

exposed to air and solar light. In the presence of natural photosensitizers, the rate of 

photochemical interactions at such interfaces is enhanced. This influences the release of 

volatile organic compounds (VOCs) into the atmosphere. Despite numerous investigations on 

the emission and uptake of gases and aerosols into the atmosphere, there is still a lack in our 

knowledge about the molecular level interaction between the organic surface species that are 

forming the so-called sea surface microlayer (SML) and the effect of solar radiation on 

photochemical reactions occurring within the SML. We explore the photochemistry at 

air/water interfaces using nonlinear optical (NLO) spectroscopy. Particularly, sum-frequency 

generation as a surface spectroscopic NLO technique has been used to study the interfacial 

layer of organic compounds adsorbed at air/water interfaces in the presence of actinic 

radiation using in situ irradiation with a homemade solar simulator. We found that the 

interaction is not only dependent on the energy distribution in the solar irradiation but also on 

pH and salinity of the liquid phase. The presentation will introduce our solar source and focus 

on the potential spectroscopic changes in the SML irradiated by different solar spectral 

distributions. 
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Ultrabroadband Raman excitation, which provides both the pump and the Stokes wavelength 
by the same pulse, is a versatile variant of CARS, as it combines the multiplex capability of 
spontaneous Raman scattering with laser-like signal detection. In single-beam CARS, the 
pump-probe scheme is provided by a spatial light modulator1,2,which limits the maximum 
laser pulse energy3. Higher pulse energies, e.g., for gas analysis can be addressed in a quasi-
collinear two-beam configuration4. In this study, we implement two-beam CARS allowing for 
intermediate (~ µJ) pulse energies at high NA. The setup (Fig. 1a) uses a dual output OPCPA 
(venteonOPCPA, Laser Quantum GmbH), providing ~7 fs pulses (~ 800 nm) with maximum 
pulse energy of 10 µJ and a ~1.5 ps probe. Both beams are focused by a reflective 
Schwarzschild objective (NA = 0.5) and collimated by a conventional microscope objective. 
The black lines in Fig. 1b show CARS signals of air without cover glass. For the red curve, 
the cover glass was moistened with ethanol, showing the characteristic peaks5 at 1463, 2888 
and 2934 cm-1, respectively. The pulse energy of the pump/Stokes pulse was ~1 µJ. These 
results show that various applications, including gaseous and liquid sample analysis, may be 
addressed with this setup. Further work will focus on the optimization of the setup for tissue 
examination.   

   
a)                                                                       b) 

 
Fig. 1. a) Sketch of the setup and b) CARS signals of ethanol (red) and air (black).  
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Carbonaceous particles (CPs) are a major fraction of particulate matter (PM) and have adverse 
effects on human health. Therefore, the detection, quantification, and size estimation of these 
particles in biological samples are very important to understand their toxicity. Different 
techniques such as absorption photometry and laser-induced incandescence are commonly 
employed for measuring CP concentrations in gaseous samples, however, detection of CPs in 
biological samples is very challenging. Recently, we detected CPs in biological samples based 
on non-incandescence related white light (WL) emission under illumination with femtosecond 
(fs) pulsed near-infrared (NIR) laser light1, 2. By using this approach, CPs could be detected in 
human urine, and placenta samples3,4. However, the size estimation of CPs in biological 
samples is still lacking. The size estimation of individual nano- and microparticles (NMPs) can 
be performed based on their scattered light, however, the sizing of CPs in biological samples 
based on scattering alone is not possible due to the compositional heterogeneity of NMPs 
present in biological samples. In our recent study5, we developed a dual-channel multiphoton 
flow cytometry setup for the quantification and sizing of CPs in aqueous suspensions and 
(bio)liquid samples based on WL emission and scattered light.  

 

Fig. 1: Development of a dual-channel multiphoton flow cytometry setup to detect CPs in aqueous suspensions. 

The calibration of the setup was performed using reference fluorescent polystyrene (PS)  
nanoparticles (NPs). By using the reference PS NPs of different sizes in combination with Mie 
theory, a setup calibration factor (CF) was determined. This setup CF was then used to 
determine the sizes of CPs in aqueous suspensions, and a relationship between CP size and the 
WL emission intensity was also established. Furthermore, the detection and size estimation of 
CPs in urine samples was performed using our developed approach. These results are a step 
towards the development of novel diagnostic biomedical assays to understand the toxic effects 
of CPs. 
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Ameloot, Nano Letters 16 (2016) 3173-3178. 
2 I. Aslam, M. B. J. Roeffaers, Nanoscale Advances 3 (2021) 5355-5362. 
3 N. D. Saenen, H. Bové, C.  Steuwe, , M.B.J.  Roeffaers, E. B. Provost, W. Lefebvre, C. Vanpoucke, M. Ameloot,  

T. S. Nawrot, Am. J. Respir. Crit. Care Med. 196 (2017) 873-881. 
4 H. Bové, E. Bongaerts, E. Slenders, E.M. Bijnens, N.D. Saenen, W Gyselaers, P. Van Eyken, M. Plusquin, M.B.J. 

Roeffaers, M. Ameloot, T.S. Nawrot, Nature Communications 10 (2019) 3866. 
5 I. Aslam, E. Fron, M.B.J. Roeffaers, Nanoscale Advances (2022), Published Manuscript. 

mailto:imran.aslam@kuleuven.be
http://www.roeffaers-lab.org/


  
   

 

 

 

1 kHz CPP fs CARS thermometry in High-Pressure kerosene/air flame 
 

Benoît Barviau1, Sylvain Legros1,2, Frédéric Grisch1 

1. UNIROUEN, INSA Rouen, CNRS, CORIA, Normandie University, 76000 Rouen, France 

2. SAFRAN Tech, 78117, Paris-Saclay, France 

 

Pollutant emissions reductions imposed by harsh regulation added to an increasing air traffic weigh 

heavily on the design of future aircraft engines. To address these upcoming issues, a scientific cooperation between 

the French aeronautical motorist SAFRAN and the CORIA research laboratory was established through an 

Industrial Chair named PERCEVAL. This collaboration aims to conduct simultaneous experimental investigation 

of combustor performances and understanding of underlying chemical mechanisms using advanced and innovative 

laser diagnostics and to compare the results with numerical modeling. Noninvasive optical diagnostics are 

appropriate for such experimental investigations1.  

The current study focusses on the development of Chirped Probe Pulse fs Coherent anti-Stokes Raman 

Scattering (CPP-fs-CARS) in order to perform single-shot temperature measurement in reactive flows at a 

repetition rate of 1 𝑘𝐻𝑧. 𝑁2 rovibrational Raman transitions were addressed thanks to a Legend Elite Laser source 

(Coherent) completed by a TOPAS prime plus (Light Conversion). 𝑁2 CARS excitation is performed with a (675 

nm – 800 nm) pump-Stokes pulse couple of ~100 fs duration superimposed in time. A 4.3 𝑝𝑠 delayed 675 nm 

chirped probe pulse temporally stretched in a 30 cm SF11 glass rod interrogates the temporal decay of the Raman 

coherence with a folded BOXCARS configuration2. 

To perform CARS measurements in high-pressure combustion chambers, the initial step was to build a 

robust and reproducible measurement methodology completed by a reliable numerical algorithm to measure 

temperature. First experiments where conducted on a heated jet flow and near-adiabatic laminar 𝐶𝐻4/air flame in 

atmospheric condition in order to estimate the temperature accuracy which is better than 1.5 % at 2250 𝐾. Further 

experiments were then conducted to adapt this diagnostic to high-pressure environments. For this purpose, 

experiments were performed in a high-pressure optical cell, for various pressures (up to 25 bar) and temperatures 

(300 – 700 K). Spectral modifications of the CARS spectrum appeared, these ones being related to the distortions 

of the temporal and spectral shapes of the excitation pulses due to the combined effect of the optical windows and 

medium density. These effects arise from the high irradiance of laser beams leading to perturbative and intrusive 

effects. Pulses energies were then adapted to avoid such effects. The subsequent improvements allowed us to 

record CARS signal at several locations in a semi-industrial realistic combustor equipped with a multi-point fuel 

injection system producing a kerosene/air flame at 0.75 MPa. As an example of results, Fig. 1 depicts typical 

temperature probability density functions (pdf) in near and far flame fields. 

 
Figure 1: pdf of temperature at various locations in near and far flame fields. 

 Gaussian best fit functions and corresponding information are superimposed on each pdf. 
 

Experimental and numerical procedures leading to these results will be detailed during the presentation. Finally, 

the experimental database generated will be used to validate LES numerical combustion simulation for developing 

novel clean and efficient aeronautical combustion chamber models. 
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Abstract  

Interfacial water structure is key to many chemical and physical processes.  It can be probed by 
second order nonlinear optical techniques such as vibrational sum-frequency generation (vSFG) 
spectroscopy as well as ultrafast time-resolved vSFG.  Our experiments show that in the absence 
of surface charge (pH 2), water at SiO2 surfaces exhibits significantly slower OH stretch 
vibrational relaxation (~600 fs) compared to bulk water.  However, at charged silica surfaces (e.g., 
pH 6), bulk-like fast dynamics (~200 fs) are observed at low ionic strength.  This decelerates to 
~600 fs with the addition of NaCl.  In parallel, vSFG results demonstrated that silica interfacial 
water structure is most sensitive to ions at pH=6-8, correlating with the known salt and pH 
dependence of silica surface reactivity.  Consequently, it is unclear whether the observed slowing 
of the vibrational dynamics is due to the reduction in the Debye length, or because of changes in 
the local hydrogen bonding environment caused by the electrolyte and how this might depend on 
the identity of the ions or the solid surface.  The combination of molecular dynamics simulations 
with spectroscopic and time-resolved vSFG experiments on aqueous-Al2O3 interfaces, along with 
the time and frequency domain response of a molecular probe SCN-, sheds light on the ongoing 
debate on the role of ions in interfacial water structure and whether the observed behavior is 
specific to silica/water interfaces or can be generalized to other aqueous interfaces.  These studies 
provide insight into the hydrogen bonding environment and vibrational density of states at aqueous 
interfaces.  
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Ice-nucleating proteins (INPs) are among the most effective ice nucleators known. They are used by 

bacteria to induce frost damage to plants, and when airborne, they drive cloud formation and affect 

global precipitation patterns. Nevertheless, understanding how INPs order water into ice nuclei has 

remained an experimental and computational challenge, certainly in systems that approach the 

complexity of bacterial membranes. 

Previous studies in the field have focussed on complex INP mixtures from bacterial lysates at the bare 

water surface. In this work, we investigate the molecular ordering imposed by a small, purified INP 

from Pseudomonas syringae at lipid monolayers. The monolayers are chosen with increasing 

complexity, from a single composition lipid up to E.coli lipid membrane extracts, thus building a model 

system, which approach the behaviour of INPs at real bacterial surfaces. Using a combination of 

vibrational sum-frequency generation (vSFG) spectroscopy, two-dimensional infrared (2D-IR) 

spectroscopy, Brewster angle microscopy (BAM), and molecular dynamics (MD) simulations, we show 

how the INP anchors itself to the lipid monolayer and reorients in response to a lowering temperature. 

In this way, the INP exposes its ice-active sites to the water molecules, which in turn become more 

ordered and, ultimately, better able to act as ice nuclei. 
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Hydrogen (H2) is a promising energy carrier for the advancement of future carbon-free 

combustion technologies. In this scenario, the direct measurement of the different scalars 

involved in the combustion process of H2 is required to fully understand its flame propagation 

mechanism. In particular, the coupling of simultaneously measured temperature and local 

concentration of species allows the investigation of molecular interdiffusion processes 

affecting the structure of these flames. For instance, information about the preferential 

transport of H2 caused by differences between molecular diffusion coefficients of the 

reactants, and products, can be used for the development and improvement of combustion 

models in which it is normally assumed that atomic mass fractions are conserved from 

reactants to fully burnt products [1]. In this work, we developed a one-dimensional (1-D) 

coherent anti-Stokes Raman scattering (CARS) instrument for simultaneous single-shot 

imaging of temperature and major species concentration in H2/air flames. A single 

regenerative amplifier system (Astrella, Coherent) combined with a second-harmonic 

bandwidth compressor (SHBC, Light conversion) provides auto-synchronized pump/Stokes 

(35 fs full-width-at-half-maximum, FWHM) and probe (13 ps FWHM) laser pulses which are 

intersected in a crossed plane geometry forming a one-dimensional (~1.4 mm) field of view.  

The pure-rotational CARS spectra from nitrogen, oxygen, and hydrogen are recorded at a 

short pump/Stokes-probe delay, therefore, minimizing the influence of collisions on the 

signal. A second picosecond pulse generated using a polarization separation method probes 

the coherence induced by the pump/Stokes excitation pulse ~250 ps later, and the generated 

CARS signal is used to deduce the H2O vapour concentration based on the dephasing rate of 

the N2 CARS signal caused by inelastic collisions with H2O.  The two signals generated using 

this collinear dual-probe approach are detected simultaneously in two distinct detection 

channels with our unique polarization-sensitive coherent imaging spectrometer using an 

acquisition rate of 500 Hz [2]. We investigate the preferential diffusion of H2 in the turbulent 

TU Darmstadt/DLR Stuttgart canonical ‘H3 flame’ acquiring the entire flame scalar field at 

three different heights above the burner.  

 

 

 
1 Effects of preferential transport in turbulent bluff-body-stabilized lean premixed CH4/air flames. Combustion 

and Flame 159.8 (2012): 2563-2575 
2 Coherent Raman imaging thermometry with in-situ referencing of the impulsive excitation efficiency. 

Proceedings of the Combustion Institute, 38(1) (2021), 1895-1904. 

Single-shot recording of 

simultaneous two ~1.4 mm 

1D-images with 25 ps (top) 

and 260 ps (below) 

pump/Stokes - probe delays  
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Hybrid femtoseconds/picosecond (fs/ps) coherent anti-Stokes Raman scattering (CARS) is a 

powerful laser diagnostics tool employed for precise gas-phase thermometry in harsh 

environments such as flames and plasmas. In this technique, a broadband fs-duration laser 

pulse containing both pump (ωpump) and Stokes (ωstokes) photons, is employed to induce 

coherence between the rotational or ro-vibrational Raman energy states of the molecule of 

interest. After this interaction a non-linear optical response is generated in the medium which 

is probed by a (relatively) narrowband ps laser pulse (ωprobe). In recent years, the use of 

second-harmonic bandwidth compressors (SHBC) to generate the ps probe pulse is taking 

hold in fs/ps CARS systems1,2 owing to its simplicity, robustness and relatively large 

conversion efficiency (~30%). However, the presence of higher order, non-linear chirp terms, 

in the sum frequency generation (SFG) process employed in SHBC, generates undesired 

sidebands in the pulse spectrum. These sidebands modulate the CARS signal in frequency, 

time and space (e.g. for 1D and 2D  imaging) preventing meaningful comparison to typical 

time-domain CARS models. This is usually solved by using a 4f-filter to clean the ps pulse, 

but resulting in a ~70% loss of pulse energy which compromises the single-shot precision of 

the technique at high temperature where the signal intensity is often diminished.”   

 
Figure 1. CSRS spectrocrhonogram of room temperature nitrogen acquired experimentally (a) and 

simulated (b) including the measured spectral phase of the ps-probe pulse generate by the SHBC. 

In this work, we performed a complete characterization of the ps probe spectral-phase to 

include this information into the time-domain CARS model and improve the comparison with 

experiments. This was achieved by discretizing the ps-pulse in frequency using the 4F-filter. 

Then, the relative phase between each of these discrete points was retrieved by using the fs-

pulse as a time gate to estimate the arrival time of the generated non-resonant signal. We 

additionally developed a genetic algorithm to tune the phase information, improving the 

quality of the spectral fit. The resulting model is capable of rendering the additional 

modulation of the experimental spectra modified by the presence of the spectral sidebands in 

the probe pulse, as shown in Fig. 1. We further demonstrate the use of this probe pulse to 

perform thermometry in a laminar hydrogen/air diffusion flame, provided on a Bunsen burner. 

                                                 
1  Hybrid femtosecond/picosecond rotational coherent anti-Stokes Raman scattering at flame temperatures using 

a second-harmonic bandwidth-compressed probe. Optics Letters 38.6 (2013): 833-835. 
2 Pure-rotational 1D-CARS spatiotemporal thermometry with a single regenerative amplifier system. Optics 

Letters (2020): 4662-4665. 
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Coherent anti-Stokes Raman scattering (CARS) is an extremely powerful non-linear optical 

microscopy technique for label-free vibrational imaging allowing for a detailed study of 

biological samples in their native state. It employs two narrowband synchronized picosecond 

pulses (called pump and Stokes) to probe a single vibrational mode by detecting the signal at 

the blue-shifted anti-Stokes frequency. Broadband CARS (B-CARS) enhances the quantity of 

information collected by employing a broadband Stokes to probe multiple vibrational 

frequencies in parallel using a spectrometer. Traditionally, B-CARS microscopy is carried out 

in a raster-scanning fashion: tightly focused laser beams generate signal in one pixel at a time; 

the three-dimensional data cube is then built by moving the sample or the beams in a snake-like 

motion. Even at the most advanced 1-3ms pixel dwell time1,2, it can take up to minutes to 

capture a single image, making it impossible to study fast biological dynamics in real time. A 

possible solution to speed up the acquisition process is wide-field (WF) illumination, that 

enables the creation of signals across a wide field of view, which are then captured in a single 

picture using a sCMOS camera. Non phase-matching WF illumination3 with collinear pump 

and Stokes beams represents a simple configuration for effective generation of WF-CARS. In 

this work, we present a novel configuration for WF-CARS microscopy with broadband and 

video-rate imaging capabilities. We employ an amplified ytterbium laser at 1035 nm central 

wavelength and 2 MHz repetition rate that enables white-light continuum (WLC) generation in 

bulk media: a compact, robust, simple and alignment-insensitive technique, which presents 

excellent long-term stability and low pulse-to-pulse fluctuations4. Unlike standard CARS 

setups, the red-shifted source (1035 nm pump, 1050-1300 nm Stokes) reduces multi-photon 

sample photodamage, allowing the use of higher laser intensities on the sample. Furthermore, 

the reduced repetition rate allows for higher pulse energies, thus higher peak intensities that 

generate a stronger B-CARS signal thanks to the non-linear nature of the optical effect. As a 

test sample, we used 8-m polystyrene beads in a 

solution of dimethyl sulfoxide. Video-rate WF-CARS 

was demonstrated by collecting images with an 

integration time as low as 2 ms. The spectral nature of 

the signal was assessed by performing WF-CARS 

imaging at a single vibrational frequency and then 

tuning the wavelength of the Stokes beam.  

 

Figure 1. Wide-Field CARS image of 8-μm Polystyrene (PS) 

beads in a solution of Dimethyl sulfoxide (DMSO). 460x540 

pixels, 2ms integration time 

 
1 F. Vernuccio, et al, Opt. Express, 30-17 (2022) 30135-30148 
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3 M. Lei, et al., Journal of Biomedical Optics, 16-2 (2011) 021102-1  
4 A. Dubietis, et al., Lith. J. Phys., 57-3 (2017) 113–157 
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Spatial averaging is a frequent issue in coherent anti-Stokes Raman spectroscopy (CARS). 

This phenomenon presents itself as an overlap of CARS spectra of different temperatures, 

making the fitting process using a single model spectrum difficult. Frequently, this effect is 

born out of temperature gradients along the unresolved long axis of the interaction volume, 

though it can also manifest due to unexpected laser crossings caused by beam steering. Often 

spatial averaging can be remedied by adjustments to the experimental set-up, but this is not 

always the case, nor is it always feasible to repeat experiments. 

It has been shown that a dual-spectra fitting system, with two floating temperature parameters 

and a variable adjusting the relative intensity of the spectra, can extract the ‘cold’ and ‘hot’ 

gas temperatures from spatially averaged CARS spectra1. This system requires the CARS 

experimentalist to develop a new model, which will need validating, and the fitting times will 

be 2-10x longer for each floating fitting parameter added. In an ideal case, only an extra 

temperature and relative height parameter would be necessary, but in a flame the temperature 

is coupled to oxygen concentration, and the high and low T contributions may not have the 

same focusing, producing CARS lines of different widths. This would necessitate extra 

oxygen concentration and optical line width parameters. 

In this work we present a method for determining the presence of spatial averaging in 1D 

hybrid fs/ps rotational CARS spectra. We present a simple solution based on selective 

evaluation of wavenumber-regions of the CARS spectra to correct for spatial averaging using 

the single-spectrum fitting system already employed by CARS experimentalists. 

 
Ensemble averaged T-profiles (200 shots) measured normal to a steel wall and crossing a flame front at a 

distance of 1-2 mm. The blue line is the original T-profile, the green line is the corrected T-profile after the 

spatial averaging fix is applied, and orange is the T-difference measured to the second y-axis on the right. 

 
1 Y. Gao, T. Seeger, A. Leipertz, Proc. Combust. Inst., 35 (2015) 3715-3722. 
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Optical techniques for remote detection of atoms and molecules rely on lasers to selectively 

identify and quantify species of interest. Collection of incoherent light emission from 

atoms/molecules is limited by the non-directional nature of the emission. Recently, research on 

lasing techniques have demonstrated that a coherent laser-like signal can be generated in the 

forward, and even the backward direction through the creation of a gain medium along a 

focused pump laser1. In this work we use a cylindrical mirror to form the pump laser into a laser 

sheet to create a gain volume pointing perpendicular to the pump laser direction, which leads 

to strong stimulated emission orthogonal to the excitation laser, initially observed by Dogariu2 

and Miles2. A 226 nm, 35-fs beam is horizontally focused into a CH4/O2 jet flame surrounded 

by a CH4/air co-flow. The 2-cm wide focused sheet creates a gain medium due to population 

inversion in atomic oxygen. The gain medium emits intense 845 nm light. The emitted light 

creates an interference pattern that is imaged onto an intensified CCD camera (Princeton 

Instruments, PiMax 4)  through a neutral-density filter (attenuating the emission 1000 times) to 

prevent saturation on the sensor. The image of the observed right-angle-lasing shown in Figure 

1 is constructed from 100 summed single-shot images. 

 
Figure 1: Image of inteference pattern created by gain medium in atomic oxygen. The colorbar shows 

the relative strength of the signal. The X and Y axis are the position on the 13.3 x 13.3 mm sensor  
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Studying the redox behavior of polycrystalline gold electrodes still contains insightful 

information as revealed by sum frequency generation. Herein, the redox behavior of gold is 

studied in bicarbonate solution under the influence different potential ranges as well as 

cycling process of cyclic voltammetry. Comparing the SFG results in basic and acidic 

mediums reveals the distinct nature of Au atoms in basic medium than in acidic medium, in 

which basic gold surface is both cleaner and more catalytically-active. The lifetime of these 

active surface gold atoms depends on the potential range as well as the nature of formed 

species on the gold surfaces.   

 

 

 

Figure 1 : 2D-false plot for SFG response from polycrsyatlline Au surface under the influence of various 

cycles within deprotonation polarization range. 

 

mailto:ahmed.elzohry@kfupm.edu.sa


 

1. Boyd, Robert W. Nonlinear optics. Academic press, 2020. 

2. Ji, Minbiao, et al. "Label-free imaging of amyloid plaques in Alzheimer’s disease with stimulated Raman scattering microscopy." Science 

advances 4.11 (2018): eaat7715. 
3. Wang, Yanli, et al. "Early time excited-state structural evolution of pyranine in methanol revealed by femtosecond stimulated Raman 

spectroscopy." The Journal of Physical Chemistry A 117.29 (2013): 6024-6042. 

4. J.W. Goodman. Introduction to Fourier Optics. New York: McGraw-Hill, 2017. 
5. B.E.A. Saleh, M.C. Teich. Fundamentals of photonics. Newark: John Wiley & sons, 2007. 

2nd ed. 

 

3D spatial control and the spatial generation of stimulated Raman 

scattering in ethanol 

R. Eriksson1, P. Gren1, M. Sjödahl1, K. Ramser1 

Luleå University of Technology, Laboratorievägen 14 971 87 LULEÅ 

ronja.eriksson@ltu.se 

KEY WORDS: SRS, imaging 

Stimulated Raman scattering1 (SRS) has been used for imaging of specific species in areas such 

as medicine and biology2-3. SRS allows for the imaging of a selected molecular vibration 𝜔𝑚 

by illuminating the sample with a pump laser beam and a Stokes laser beam whose frequencies 

fulfills the condition 𝜔𝑚 = 𝜔𝑃 − 𝜔𝑆. In order to provide 3D species specific images of a sample 

without the need for point scanning the sample knowledge about the spatial generation and the 

spatial control of the SRS signal is required. The principle of the sample setup, see Figure 1 a), 

a collimated Stokes beam passes through the sample meanwhile the pump beam is focused into 

the sample. 

For the 3D spatial control of the SRS signal a phase spatial light modulator (SLM) was used to 

control the position and shape of the pump beam focus. The investigation of the spatial 

generation was done by computer simulations and experiments. The simulations were based on 

diffraction theory4 for the beam propagation and a phase modulation due to the induced Kerr 

effect5 for the change in SRS signal. The simulations where run for different energies of the 

pump beam and compared to experimental results. 

In Figure 1 b) the SRS signal, red spot near the center, that has been shaped using a SLM can 

be seen. The spatial generation of SRS was investigated via computer simulations and 

experiment. In Figure 1 c) the generation of SRS along the propagation axis for 5 different 

pump energies can be seen. 

 

 

Figure 1: a) The principle of the SRS imaging system. Collimated stokes light is passed through the sample 

meanwhile the pump beam is focused into the sample, b) the spatially shaped SRS signal (red dot near the center), 

c) SRS signal along the propagation axis for different pump energies. 

The results shows that 3D control of the position of the generated SRS signal can be controlled 

using a SLM and that most of the signal is generated close to the focal point of the pump beam 

focus. 

a) b) c) 
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Coherent non-linear wide-field imaging reduces the photo-toxicity compared to focused laser 

scanning approaches and holds the potential for the highest possible image acquisition rates. 

Nevertheless, objective lenses are readily damaged by pulse energies that are strong enough to 

generate non-linear signals across large areas. In addition, conventional wide-field 

microscopy misses the capacity for optical sectioning. Here, we resolve both challenges using 

wide-field Speckle illuminations. Fully developed laser Speckle patterns are advantageous for 

the implementation of high-peak-power lasers since the pulse energy is never focused into a 

single spot but is spread out in space enabling for the use of conventional objective lenses. 

Furthermore, the experimental stability is greatly enhanced using a random illumination 

configuration, i.e., fast varying Speckle, while the laborious superposition of the pump and 

Stokes beam is reduced to finding the temporal overlap.    

To enable optical sectioning, we introduce the approaches of the dynamic Speckle 

illumination (DSI)1 and random illumination microscopy (RIM)2 to wide-field coherent anti-

Stokes Raman scattering (CARS) and sum frequency generation (SFG) microscopy. As the 

key element, we break CARS' and SFG's coherence applying a 2-color excitation and average 

over a large number of Speckle pump illuminations. The Stokes Speckle pattern is kept 

constant for an individual wide-field image. Within this talk, we will show numerically, and 

experimentally that the standard deviation of a stack of wide-field Speckle CARS or SFG 

images provides a quasi-confocal axial sectioning power (1/z). Moreover, we demonstrate 

that the RIM-CARS(-SFG) image post-processing retrieves a superior contrast, lower noise 

level and better spatial resolution. Thus, RIM-CARS can be considered as an important step 

towards non-linear, wide-field super-resolution microscopy.  
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Stimulated Raman imaging (SRS) has great potential for the generation of virtual 

histopathology images, multi-label imaging using dyes with triple bonds (alkyne tags) and 

biorthogonal imaging. Nevertheless, SRS microscopy did not yet become a standard tool in 

many biomedical labs which can be attributed to the required high concentrations of the 

analyte of interest. To increase SRS’ sensitivity beyond millimolar concentration level, the 

image fidelity and image acquisition speed must be increased1. Here, we present 2 schemes 

based on a double-modulation of the excitation beams which enables for (1) the identification 

of image artifacts, such as thermal lensing, cross phase modulation and multi-photon 

absorption, or (2) to improve the image SNR by a factor of up to 16.  

Within the first approach, termed stimulated Raman gain and loss (SRGAL)2, both excitation 

beams, i.e., pump and Stokes are modulated and demodulated simultaneously at distinct radio 

frequencies. Comparing the resulting SRL and SRG images allows identifying the presence of 

artifacts and their reduction via a balanced image summation. The second application of a 

double modulation uses an aliasing effect and the impact of pulse picking. Here, the first 

beam is modulated at f1 while the second beam is modulated at f2=f1/2. The aliasing increases 

the signal 2-fold.3 If f1 is selected to be half the laser repetition rate another factor of 2 in 

signal boost is obtained (pulse picking). Double-modulation stimulated Raman scattering 

(DM-SRS), therefore, improves the signal to by a factor of 4. For a shot-noise limited laser 

system, DM-SRS translates into a substantial increase of the signal to noise (SNR) of a factor 

of (2*2)2=16 or, equivalently, enables for 16-fold faster SRS imaging with the same image 

SNR and average power at the sample. 

  

   

 

 



Concurrent mixture composition and temperature determination from 

laser-induced grating experiments 

 

Jonas I. Hölzer1,2, Thomas Seeger1,2 
1 Engineering Thermodynamics Siegen, University of Siegen, Paul-Bonatz-Str. 9-11, 57076 Siegen, Germany  

2 Center for Sensor Systems ZESS Paul-Bonatz-Str. 9-11, 57076 Siegen, Germany 

jonas.hoelzer@uni-siegen.de  

 

KEY WORDS: Laser induced grating spectroscopy, Gas phase diagnostics, Multiparameter 

measurements 

 

The laser-induced grating (LIG) technique is a powerful, versatile, non-intrusive diagnostic 

method technique that employs the generation of a refractive index grating by application of 

the strong electric fields of a pulsed pump laser.1 Studying the power of a LIG-diffracted CW 

probe laser light in the time domain gives access to a manifold of thermodynamic, fluid 

dynamic and material properties of the medium.2–6 Typically, the determination of different 

properties is mutually exclusive, i.e., all other properties need to be known for the accurate 

determination of an unknown one. We demonstrate concurrent determination of CO2 

concentration and gas temperature in CO2-N2 mixtures from the same measurement exploiting 

the occurrence of a direct four-wave mixing (FWM) signal contribution to the LIG signal. A 

detailed study of the underlying processes of FWM and diffraction by a LIG allows for the 

formulation of analytical expressions for the signal temperature and species concentration 

dependencies, simplifying and generalizing this evaluation method.  

 

 
Fig. 1: Profiles of the LIG signals detected in CO2 (black) and N2 (blue) as a function of a delay after the 

10-ns pump pulse (500 averaged traces). The full traces have been fitted by the model function for the 

signals from 7 (green and magenta, respectively). The narrow FWM peak at t = 0 and the first LIG peak 

observed in CO2 have been fitted by a model function to obtain the concentration-dependent FWM/LIG 

peak amplitude ratios, R2 (details in 8) (red). These ratios are highlighted. 
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The nanoscale region immediately adjacent to surfaces, although challenging to probe, is 
directly responsible for local chemical and physical interactions between a material and its 
surroundings. Cell–surface contacts are mediated by a combination of electrostatic and acid–
base interactions that alter the local environment over time. In this study, visible infrared sum-
frequency generation (SFG) spectroscopy reveals that the electrostatic potential at a silica 
surface gradually increases in the presence of bacteria in solution.  
 
The nonlinear response of water molecules adjacent to charged aqueous surfaces can be 
described as a sum of contributions from those water molecules immediately next to the 
surface (the so-called bonded interfacial layer, BIL) contributing through c(2)BIL and from the 
diffuse layer (DL) portion of the electrical double layer via c(2)DL. At high ionic strengths, we 
have previously shown that c(2)BIL » 0, and we are therefore left with only the diffuse layer 
contribution that can in turn be related to the product of the surface potential F0 and the third 
order susceptivity c(3). 
 
We illustrate that the cells themselves are not responsible for this effect. Rather, they alter the 
interfacial chemical environment in a manner that is consistent with a reduction of the ionic 
strength to a level that is roughly four times lower than that of the bulk aqueous phase. 
Furthermore, performing the experiments at two sets of beam angles enables us to evaluate 
the surface fields and thereby estimate the degree of hydration of the interfacial region. A low 
organic content (around 4% by volume) further supports the idea that the space immediately 
next to the surface is devoid of ions. 
 

 
Schematic illustrating the decrease in ionic strength at the interface as a result of EPS accumulation in 
the surface region. The electric field due to deprotonated silanol groups decays rapidly at this high ionic 
strength, resulting in a Debye length on the order of 1 nm. 
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Femtosecond (fs)/nanosecond (ns) rotational coherent anti-Stokes Raman spectroscopy 

(RCARS) is a versatile non-linear optical technique that was first developed in our research 

group and demonstrated in 20201. In this technique, the excited coherences are probed by a ns 

laser pulse and the signal is dispersed with a spectrometer and detected by a streak camera; a 

combination that resolves the signal in both the spectral and temporal domain, simultaneously 

(see Fig. 1b). Having single-shot access to time and frequency domains facilitates time-

domain collisional broadening measurements (Fig. 1a), and improves diagnostic applications, 

such as thermometry and concentration measurement in reacting-flows2. Furthermore, with 2-

beam fs/ns RCARS, we have recently developed a novel approach based on coherent control 

of molecular rotation, where we could selectively generate and then annihilate rotational 

Raman coherences of N2 molecules3 at room temperature and atmospheric pressure (Fig. 1c), 

which brings coherent control into more practical environments.  

Certainly, the high potential of utilizing fs/ns RCARS in a wider range of applications in 

science and engineering advocates for more rigorous research and further investigations. 

Thus, this poster provides an overview of the technique as well as a practical guide, where it 

discusses the experimental and theoretical considerations that an interested researcher should 

bear in mind to apply the technique properly. Some of these considerations are listed below. 

• Live surveillance of strong-field transient consequences such as the Stark effect. 

• Handling the streak camera safely and necessary signal corrections for its non-linearities. 

• Inverse coupling between the temporal and spectral resolution of the detected signal. 

• Possible signal perturbation by the ns (or ps) probe pulse due to adiabatic alignment of the 

molecular rotation, and 2-beam vs 3-beam fs/ns RCARS. 

 

  
Figure 1a) Single-shot lifetime measurements of N2 coherences in in the absence of a perturber (black circles) 

and in a mixture with C2H6 (red circles)2. The linear fits (blue lines) indicate the decay rates τJ, that are 

inversely proportional to the Raman linewidths ΓJ = 1/(2πcτJ), where c is the speed of light. b) Averaged 

spectrogram of N2 and c) coherences in (b) when annihilated by a second fs pulse arrived with a delay of 4.19 

ps, i.e. half of the rotational revival period of N2. The signal intensity in (c) is multiplied by 10 for better 

visualization and both spectrograms in (b) and (c) have the same color bar scale.   
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CARS has a proven track record for gas-phase temperature and species measurements in 
combustion, where temperatures typically reach a maximum of 2200-2400 K. Renewed 
interest in hypersonic flight requires us to probe at temperatures 2-4´ higher, where there are 
relatively few examples of successful laser-diagnostic applications. In this talk, we discuss 
recent CARS demonstrations of CARS at extreme temperature conditions. Nitrogen CARS 
applications in an inductively coupled plasma torch at the University of Texas, using 10-Hz 
Nd:YAG and dye-laser systems, include thermometry in air plasmas up to T = 8000 K and CO 
detection within the reaction layer near a graphite sample inserted into the torch plume. Pulse-
burst laser architectures are combined with optical parametric generators and oscillators for 
100-kHz thermometry in the Sandia free-piston shock tube and reflected shock tunnel. 
Picosecond laser pulses are demonstrated for shock-tube thermometry at temperatures in 
excess of 4000 K. A newly developed, rigorous treatment of picosecond CARS spectra is 
presented and applied to interpret these high-speed measurements. Development of 
noncolinear optical parametric oscillators as high-bandwidth Stokes sources for nanosecond 
pulse-burst CARS measurements with improved signal-to-noise is discussed, and proof-of-
concept measurements under thermodynamic nonequilibrium conditions in Sandia’s free-
piston reflected shock tunnel are shown.   
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Engineering Solutions of Sandia, LLC, a wholly owned subsidiary of Honeywell International, Inc., for the U.S. Department 
of Energy’s National Nuclear Security Administration under Contract No. DE-NA0003525. 
 

 
 
(a) Material sample in the inductively coupled air plasma torch; (b) fit to high-temperature N2 CARS spectrum 
with evaluated temperature in excess of T = 6000 K; (c) reflected shock front with emitting high-temperature 
air. 

Raman Shift (cm-1)
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The selective control of population in the various degrees of freedom in molecules has 

opened the possibility for unprecedented understanding of reactive potential energy surfaces 

in gas phase chemical physics. While significant work has been dedicated to understanding, 

and controlling, the vibrational and translational degrees of molecular freedom, far less 

attention has been paid to the direct molecular control of rotational energy. In part, this is due 

to the quantum mechanical selection rules that govern rotational excitation. In this talk an 

optical molecular centrifuge has been developed and used for extreme rotational excitation of 

molecules.  

As shown in Figure 1, the optical centrifuge pulse adiabatically traps the most 

polarizable axis of molecules along the laser polarization axis, and this polarization rotates as 

a function of time with constant acceleration, driving molecules to extreme rotational 

energies.  One unique aspect of this type of excitation is that the “sense” of rotation is 

controlled.  Coherence beating and energy transfer processes of these super-rotors are 

followed through coherent nonlinear scattering of the evolving rotational wavepacket.  

Collisional energy transfer processes are tracked through high-resolution time-resolved 

coherent Raman scattering from the centrifuged molecules, specifically N2, O2, and CO2.  

High spectral resolution is achieved through a virtually imaged phased array spectrometer.   

 

 

 
Figure 1.  The optical centrifuge pulse.  Left- and right- circularly polarized pump and Stokes pulses of 

increasing frequency difference are combined to create an accelerating linear polarization that drives 

molecules into extreme rotational states with a unidirectional sense of rotation.   
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Probing the molecular dynamics and evolution of transient stochastic processes such as laser 

filamentation and plasma-based phenomena necessitates snapshot ultra high-speed imaging 

that is species specific and insensitive to stray light. The species specificity and resulting 

coherent signal of Coherent Anti Stokes Raman Spectroscopy (CARS) fulfills the two latter 

requirements while the Frequency Recognition Algorithm for Multiple Exposures1 (FRAME) 

technique can acquire snapshot videos at up to THz frame rates.  

Recently CARS was performed in a 2D imaging spectrometer configuration by focusing a 

fourier limited 45fs, 800nm pulse into a sheet at the probe volume (which acts as the pump 

and Stokes beam) and probing with a 90ps 532nm probe pulse2. In Lund, our aim is to 

combine this CARS configuration with FRAME to obtain 2D coherence lifetime maps of 

transient phenomena. This is done by replacing the probe pulse with a pulse train of four 

532nm pulses that are individually delayed by a minimum of 30ps (achieved using a beam-

splitter/delay stage configuration, dubbed herein as the FRAME pulse divider, Fig. 1a) and 

tagging them with unique spatial intensity modulations. Each of these laser pulses will probe 

the induced molecular coherences in 2 dimensions before being superposed on a camera (Fig. 

1b(i)). A spatial lock-in algorithm is then performed in the post-processing step, separating 

the different timestamps and resulting in four images of the event where each pixel represents 

the strength of the coherence at a given position at the time of interaction with the probe (iii). 

The resulting coherence lifetime map then reveals information about the structure and 

evolution of the event taking place within the probe volume (v) opening up the possibility of 

imaging e.g., laser filamentation.  

 

 

 
Fig. 1 CARS and FRAME resulting in 2 dimensional lifetime maps. (a) A schematic of the experimental 

setup where the probe pulse is divided into four individually tagged pulses before probing the coherences set up 

by the femtosecond pulse. (b) The post processing step resulting in a 2-dimensional coherence lifetime map. 
 

 
1 A. Ehn, J.Bood, Z. Li et al. FRAME : femtosecond videography for atomic and molecular dynamics, Light Sci 

Appl 6, e17045 (2017). https://doi.org/10.1038/lsa.2017.45 
2 A. Bohlin and CJ. Kliewer, “Communication: Two dimensional gas-phase coherent anti-Stokes Raman 

spectroscopy (2D-CARS): Simultaneous planar imaging and multiplex spectroscopy in a single laser shot”, J. 

Chem, Phys. 138, 221101 (2013) https://doi.org/10.1063/1.4810876 



fs/ps-CARS microscopectroscopy for crystalline materials 

 

Elodie Lin1, Brigitte Attal-Tretout1, Michael Scherman1  
DPHY, ONERA, Université Paris Saclay, F-91123 Palaiseau - France 

Michael Scherman, michael.scherman@onera.fr  

 

KEY WORDS: CARS, bidimensional nanomaterials, explosive traces 

Raman spectroscopy is considered an excellent tool to perform hyperspectral imaging 

in various fields. However, the spontaneous Raman signal is scarce and sometimes hindered 

by fluorescence. CARS appears as a solution to enhance the signal amplitude while 

maintaining spectral selectivity. Here, we present a high spectral resolution fs/ps-CARS 

microscope that allows rapid imaging of solid materials for fast characterization and threat 

detection. 

2D nanomaterials are widely studied for their very promising applications in 

nanoelectronics and optoelectronics. The ability to perform fast and precise characterization 

of thin layers and heterostructures, with nanometer resolution and sensitivity to crystalline 

structure is still an experimental challenge. For instance, spontaneous Raman (SR) 

microscopy, although considered as a gold standard for graphene, appears to be less efficient 

on Boron Nitride (BN). That is because electronic enhancement is not easily obtainable due to 

its large gap (>6 eV)1. Our system has provided a coherent Raman response of exfoliated BN 

flakes with a good spectral resolution and high signal enhancement compared to SR. We thus 

successfully performed hyperspectral imaging of few tens of nanometer thick BN flakes 

within few minutes, instead of hours. Thickness sensitivity could be obtained down to 11 nm.  

In the context of threat detection, spectral sensitivity is also an important parameter to 

detect and identify hazardous material in heterogeneous samples. Our study is focused here on 

explosive species in powder form, composed of micro size crystallites. We demonstrated 

under µg/cm² detection limit on 1-methyl-2,4-dinitrobenzene (2,4-DNT) and 1,3-

dinitrobenzene (1,3-DNB), both known as precursor to trinitroluene (TNT). Although the 

band attributed to the symmetric stretch of the NO2 (1350 cm-1), is the most intense, thus, 

most documented2, bands in the higher wavenumber range and in the footprint could also be 

detected, resolved and compared for more accurate discrimination between different 

precursors.  

 

 
Example of CARS spectra obtained on 2,4-DNT and h-BN, along with their corresponding hyperspectral image  
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Group delay dispersion (GDD) of ultrashort laser pulses is responsible for chirp effects in 

optical spectroscopy
1
. Ordinarily, these effects are detrimental to the available spectroscopic 

information and yet, in some instances, chirp dependence can be turned into a practical tool
2,3

. 

This double role of GDD is here explained with reference to impulsive stimulated Raman 

scattering (SRS). The classical approach to coherent Raman scattering is chosen for its 

simplicity and SRS signals of electronically off-resonant Raman transitions are readily found 

for linearly chirped Gaussian pulses
4
. This sort of optical pulses guarantee the solution to the 

nonlinear optical scattering problem without recourse to numerical methods. Thanks to this 

result, fundamental features of chirp dependent impulsive SRS are explored by means of 

comparisons with experiments taken from the existing literature on the subject.  

The focus is on four fundamental manifestations of chirp dependence. They are: 1) temporal 

resolution invariance in time modulation of Raman decay and its drift, 2) spectral focusing in 

Raman gain and loss, 3) line intensity modulation and Raman mode selection and 4) single-

shot time mapping of molecular dynamics. The findings of this work show that basic Raman 

theory provides sufficient insight into the Raman phenomena appearing when chirp affects the 

laser pulses, even in the extreme regime where the transform-limited fs pulse duration is just 

few harmonic cycles of the laser fields. 

 

 

Left panel: Differential transmission for dichloromethane (DCM). Right panel: normalized Raman 

spectra. Solid lines refer to the simulations of this work. Dashed lines reproduce the data digitally 

extracted from the insets and FFT signals of Fig. 5 of Gdor et al.
5
. Reduced GDDs (GDD in units of 

2𝜋/Ω2 with Ω given by the DCM resonance at about 700 cm−1) are indicated. 
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Photovoltaic systems are becoming increasingly important due to the growing demand for 

alternative energy sources. Building architecture often prevents photovoltaic systems from 

being installed at their optimal orientation. It is well-known that thin film photovoltaics can 

be designed for improved angle-dependent responsivity at specific angles and the photon 

harvesting efficiency depends on the incident angle of light.  

Internal electric fields together with the electric field of the incident light both influence the 

charge generation efficiency of the device, which is determined by the photophysical 

processes happening between electronic excitation and the formation of charges. In order to 

study the important aspect of the dependence of these ultrafast processes on the different 

electric fields, in our study, we have used femtosecond transient absorption spectroscopy to 

investigate the polaron-pair dynamics in neat P3HT-based device for different angles of 

incidence of the light with an additional variation of the static electric field. For this, we have 

applied a static external electric field, which adds to the existing internal field in the device. 

The electric fields influence the dissociation dynamics of polaron-pairs and excitons. 1  

The change of transmissivity, reflectivity and field-direction due to the variation of incident 

angle influencing the electric-field induced polarization make an overall impact on polaron-

pair dynamics. The transient absorption anisotropy experiment gives insight into the effect of 

laser-light- and static-electric-field-induced polarization on polaron-pair dynamics. A clearly 

anisotropic behavior is observed.  

We conclude that for a detailed understanding of the ultrafast charge-pair dynamics the 

influence of the different electric fields and their relative directions plays an essential role, 

which must not be neglected. 

 
Figure: Polaron pairs are excited in a P3HT-only diode arrangement, and their dynamics are studied for 

varying static (internal + external) and light-electric fields. Results point to a clear anisotropy of the 

charge-pair dynamics. 
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Methane (CH4) is the simplest hydrocarbon molecule, with important implications in 
atmospheric studies and planetology, as well as in novel energy conversion technologies1. In 
particular, CH4 pyrolysis has been proposed for the carbon-neutral production of hydrogen (H2), 
with residual carbon in non-oxidised solid form2. CH4 is thus the subject of several 
spectroscopic studies based on linear optical techniques, e.g. infrared laser absorption and 
spontaneous Raman scattering. These linear techniques though might suffer from limited signal 
strength in harsh, luminous environments and, in the case of absorption spectroscopy, limited 
spatial resolution: non-linear optical spectroscopy could greatly benefit the investigation of CH4 
chemistry, providing high-resolution in-situ measurements. 

Femtosecond/picosecond coherent Raman spectroscopy (fs/ps CRS) has been recently applied 
on the vibrational ν1 mode of CH4 at ~2900 cm-1, in the so-called “Pentad” region 3. The “Dyad” 
region of the CH4 spectrum (~1000-2000 cm-1) has always received less interest, owing to the 
lower molecular polarizability in the vibrational ν2 mode. The application of ultrabroadband 
fs/ps CRS on the CH4 ν2 spectrum offers the possibility of multi-species detection as the ro-
vibrational spectra of oxygen (O2) and carbon dioxide (CO2) also appear in this region4, as does 
the pure-rotational spectrum of H2. 

In the present work, we demonstrate single-shot detection of the ro-vibrational ν2 mode 
spectrum of CH4 at high temperature across a laminar CH4/air diffusion flame, as well as of the 
CO2, O2 and H2 spectra. Spatially resolved measurements allow for monitoring the physical-
chemical processes in this environment, in particular the pyrolysis of CH4 and production of H2 
in the reaction layer of the flame. A time-domain model of the CH4 ν2 CRS spectrum, including 
over 10 million spectral lines, is presented and used to explain the beating behaviour of 
unresolved spectral lines split by intermolecular interactions (e.g. Coriolis coupling). 

 
Fig. 1  Ultrabroadband CRS performed across a laminar CH4/air diffusion flame front. The ro-vibrational 
spectra CO2, O2, CH4, and the pure-rotational spectrum of H2 are acquired in the region 1200-2000 cm-1. 
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The coherent Raman scattering (CRS) process is accompanied by the generation of a non-

resonant (NR) signal due to the four-wave-mixing of the pump, Stokes and probe laser pulses, 

whenever a substantial temporal overlap of these exists1. This NR signal has often been 

regarded as a nuisance obscuring more interesting features2. The recent introduction of 

ultrashort laser pulses allows for the time-gating of the NR signal generation, by delaying the 

picosecond (ps) probe pulse with respect to the femtosecond (fs) pump and Stokes pulses3. On 

the other hand, the acquisition of the NR signal is part of the experimental routine in CRS 

spectroscopy: its continuous spectrum provides a measurement of the excitation efficiency of 

different Raman modes, which is needed to perform quantitative CRS spectroscopy4. 

Employing polarisation control to generate the resonant and NR CRS signals with orthogonal 

relative polarisation and simultaneously record them in separate detection channels, this 

spectral referencing protocol can be implemented in-situ5. Here we elaborate on the theory of 

polarization control of the CRS processes to investigate the applicability of the in-situ 

referencing protocol to the Raman modes polyatomic (e.g. spherical top) molecules. 

 
Fig. 1  (a) Polarization angles of the resonant (β, blue line) and NR (γ, red line) CRS signals, as a function 

of the polarization angle of the probe pulse (α) relative to the pump/Stokes pulse. (b) Experimental NR 

CRS signal generated in methane, with different amounts of linear chirp in the input pump/Stokes pulse. 

In addition, we perform two-beam fs/ps CRS in a flow of methane and measure the resulting 

NR spectra as a function of the linear chirp introduced in the input fs pump/Stokes pulse. We 

show how these spectra carry information about the second-order phase of the pulse and employ 

a time-domain NR CRS model to quantifies this quadratic phase, as well as the resulting 

duration of the fs pulse. Finally this approach is combined with fs laser-induced filamentation 

as an in-situ supercontinuum generation mechanism for ultrabroadband fs/ps CRS 

spectroscopy6. The NR spectrum is employed to both map the ultrabroadband excitation 

efficiency and to quantify the pulse compression and the residual chirp in the compressed 

supercontinuum pulse output by the filament. 
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The NH2 group is known to protonate as decreasing pH, but this equilibrium is affected at 

surfaces and interfaces due to the presence of specific ions in solution. In order to determine 

molecular insights into the charging behaviour of the amine moiety of Langmuir monolayers 

at the water/air interface, we investigated the vibrational sum frequency (VSF) spectra of 

docosan-1-amine Langmuir monolayers at different pH and ion concentration solutions. VSF 

spectroscopy is well known as a non-linear optical technique with an exquisite surface 

specificity that also probes molecular orientation. Analysing the obtained VSF spectra, we 

derived vibrational characteristics from the uncharged (i.e. NH2) and charged forms (i.e. 

NH3
+) which allowed us to experimentally track the degree of deprotonation of the 

monolayer. The latter bands associated with the NH3
+ from a single monolayer had not been 

reported yet so far. Furthermore, we found that the amine headgroup at the surface remains 

uncharged to pH values much below those in the bulk (apparent pKa of ⁓4 compared with a 

pKbulk of ⁓10.61). These results are consistent with the behaviour predicted by the 

Gouy−Chapman theory for charged interfaces at low ionic strengths. Interestingly, we 

observed that the surface becomes negatively charged at high pH values. It indicates that 

hydroxide anions preferentially adsorb to the uncharged fatty amine surface. Overall, the 

results provide exciting new insights into the complex interactions of monovalent ions with 

the biophysically relevant amine moiety. 
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Coherent anti-Stokes Raman spectroscopy (CARS) has been for decades one of the most 

important techniques in reacting-flow diagnostics. In this poster, we present a novel method 

based on a coherent control technique that expands the rotational CARS utility even further in 

science and engineering. This is achieved by the implementation of 2-beam hybrid fs/ns 

rotational CARS1,2 along with a second control pulse with a variable delay. Initially, the first 

fs pulse involved in the wave mixing process creates a coherent rotational wavepacket. 

Subsequently, if the second (control) fs pulse arrives at an integer multiple of the molecular 

revival period (Trev), a wavepacket that is exactly in phase with the initial wavepacket is 

created, resulting in constructive interference, i.e. signal amplification. On the other hand, if 

the control pulse arrives at an integer multiple of half the molecular revival period (Trev/2), a 

wavepacket that is exactly in anti-phase with the initial wavepacket is created, resulting in 

destructive interference, i.e. signal annihilation. By adjusting the pulse energy of the control 

pulse, a total annihilation (dumping) of the initial wavepacket is possible3. This technique can 

be used to improve species selectivity and measurement accuracy by selecting a delay time 

that is optimal for the desired purpose. The experimental evidence of this concept is shown in 

figure 1, in which rotational CARS signal of N2 and O2 molecules in air are presented. 

Significantly lower excitation pulse energies are employed in comparison to conventional 

coherent control approaches, reducing the risk of multiphoton ionization, which enables the 

application of the concept at various pressures and temperatures. 

 

 
Figure1 (a) Spectra resulting from temporal integration of averaged experimentally recorded RCARS 

spectrograms with double-pulse excitation of air (red curve) and pure O2 (blue curve) with t = 4.19 ps 

delay between the pulses. The theoretical prediction is indicated with the black dashed curve. For 

comparison, an unperturbed O2 spectrum acquired with one-pulse excitation is shown with the dotted 

blue curve. (b) Rotational CARS spectrum of air with double-pulse excitation recorded in a single-shot 

acquisition (red curve), together with theoretical prediction of the signal plotted with the black dashed 

curve. The spectra are recorded at room temperature and atmospheric pressure and integrated after t = 25 

ps, and averaged in (a) over 300 single shots. 
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Our group has been working to develop laser-based techniques to perform simultaneous gas-

phase temperature and pressure measurements in hypersonic flows1–3 to complement surface-

based measurements.  We will discuss the use of femtosecond coherent anti-Stokes Raman 

scattering (fs CARS) to achieve this measurement capability.  The presentation will include 

demonstration measurements in a benchtop under-expanded jet along a one-dimensional 

measurement volume showing simultaneous temperature and pressure measurements over the 

ranges of 85-230 K and 0.1–3.0 atm, respectively.  Temperature was determined by fitting 

CARS spectra recorded with a short probe time delay where the impact of collisions was 

minimal.  Pressure was determined from fitting CARS spectra recorded with a probe time 

delay such that the Raman coherence was significantly altered by gas-phase collisions.  Low-

temperature Raman S-branch linewidths, which are critical for accurate pressure 

measurements in cold flows, were determined and will also be presented4.  Finally, initial 

measurements performed in a cold-flow hypersonic wind tunnel will be presented along with 

plans for future improvements.  

 

   
Temperature and pressure measurements made in an underexpanded jet along a one-dimensional measurement 

volume using a femtosecond/picosecond rotational CARS instrument. 

SNL is managed and operated by NTESS under DOE NNSA contract DE-NA0003525.  

SAND2022-10994 A. 
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The non-linear laser techniques of combustion diagnostics, based on four-wave mixing light-

matter interactions, enable non-intrusive remote measurements of gas parameters in reactive 

flows with a high spatial resolution [1]. In particular, the approach using Laser-Induced 

Gratings (LIGs), or spatially-periodic modulations of the refractive index of the medium, 

generated in a gas by a ns-pulse pump laser radiation, have demonstrated the possibilities to 

perform highly-sensitive quantitative spatially- and temporally-resolved measurements of 

various gas parameters [e.g., 2-4]. Analysis of the shape of LIG signals recorded in a single 

laser shot enables instant determination of the sound velocity and thermal diffusivity in the gas 

from the signal oscillation period and exponential decay. These values can in turn be used to 

quantify local temperature and pressure in the gas mixture, if the major species in the gas can 

be defined. 

The present work is aimed to further study how different gas parameters can be measured 

using mid-infrared resonantly-pumped LIGs in CH4-containing gas mixtures [5]. It is 

investigated, how the temporal profiles of the LIG signals, recorded using CW probe radiation 

in the visible spectral range, are specific of gas composition, temperature, and pressure of a 

selected buffer gas, and how this specificity can be used to determine these characteristics. 

Large LIG signal amplitudes can be observed even in mixtures with small amounts of CH4 

(down to ~0.005%) due to strong light absorption and rapid, highly exothermal collisional 

energy exchange of laser-excited molecules with the environment. The presence of efficient 

collisional quenching species in the gas enhances the signal generation and sensitivity of CH4 

detection. Determination of small CH4 concentrations xCH4 in a buffer gas is exemplified by the 

measurements in N2 at ambient conditions based on the signal oscillation peak amplitude. 

Binary mixture composition measurements are illustrated by determination of xCO2 or xH2 in 

CO2/N2 or H2/N2 ambient pressure mixtures with a small (0.2-0.3%) amount of CH4 admixed 

as a probe. Both the signal strength and profile show a strong dependence on the collisional 

environment and hence are specific for a mixture. The concentrations of the components were 

defined using the dependence of the speed of sound on these parameters. 

The analysis of the LIG signal profiles recorded in N2 with a small admixture of CH4 at 

different buffer gas pressures P = 1-8 bar allowed it to be defined by deriving the signal tail 

exponential decay time determined by gas thermal diffusivity, which is proportional to P. 

In the measurements in a CH4-seeded N2 gas flow at ambient pressure in a tube heatable up 

to 800 К, local gas temperatures, T, were determined using the dependence of the signal 

oscillation period, Ta, on temperature: Ta(T)  T –0.5. 

The results demonstrate that the mid-IR-pumped LIG signal profiles can be efficiently used 

for simultaneous measurements of a few parameters in CH4-containing reactive gas flows. 
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The combustion of fossil fuels releases carbon dioxide into the atmosphere, which is primarily 
responsible for the climate change1. One promising technology for the reduction of CO2 in the 
atmosphere is the combination of oxy-fuel combustion and carbon capture and usage/storage 
(CCU/CCS). The oxy-fuel process can use a mixture of recirculated exhaust gas and pure 
oxygen as an oxidizer instead of air. The changes in the combustion atmosphere result in 
differences in the combustion behavior. The higher molar heat capacity of CO2 compared to 
N2 leads to reduced flame temperatures. The variable oxygen content in oxy-fuel flames can 
be increased to achieve similar adiabatic flame temperatures. Nevertheless the detailed 
physical and chemical processes in oxy-fuel combustion are still not fully understood. One 
major state variable of interest is the local gas temperature. Laser based measurement 
techniques allow non-intrusive measurements of gas temperatures with high spatial and 
temporal resolution. An optically accessible swirled combustion chamber was used to 
investigate the burning of pulverized solid fuels in an oxy-fuel atmosphere2,3.  
A well-proven measurement technique for spatially and time resolved gas temperature 
determination is the coherent anti-Stokes Raman scattering technique (CARS)4. Due to the 
coherent signal character, the high signal strength and the possibility of suppressing 
interfering signals, CARS is particularly suitable for the use in technical combustion 
environments with limited optical access. In air-fed combustion N2 is usually the molecule of 
choice for CARS thermometry5. Since nitrogen molecules are almost not available in oxy-fuel 
combustion processes, O2 or CO2 has to be used as a probe molecule. Recently e. g. O2 
vibrational CARS temperature measurements have been successfully performed in an oxy-
fuel combustion process in a large-scale combustion chamber for glass-melting6, where high 
temperatures are required.  
In this work now the O2 vibrational CARS technique was applied to an optically accessible 
swirl combustion chamber to gain a better understanding of the mechanisms of burning 
pulverized solid fuels in an oxy-fuel atmosphere. Radial temperature profiles are recorded at 
different positions downstream the burner exit.  
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The preferential affinity of selected anions to interfaces exposing organic hydrophobic 
moieties plays, in connection to the incompletely understood Hofmeister effects, a vital role 
in a number of complex biological processes. The prototypical model surface for studying ion 
adsorption has been the air/water interface, where potential effects of the nature of the 
hydrophobic surface have been neglected. Here, we investigate the interactions of the 
monovalent anions Cl⎺, Br⎺, I⎺, and SCN⎺ with a hydrophobic solid surface exposing methyl 
groups to solution. Molecular information is obtained using vibrational sum frequency 
spectroscopy by targeting water molecules in the first monolayer as well as the C≡N stretch of 
the adsorbing SCN⎺ anion. Although the relative affinity for the interface follows the 
Hofmeister ordering with SCN⎺ > I⎺ > Br⎺ >Cl⎺, chlorine and bromide are found to be 
expelled from the interfacial region, with thiocyanate showing a net enrichment. Molecular 
dynamics simulations of NaSCN solutions at the interface with air and with an alkane 
monolayer provide additional quantitative insight and confirm the comparatively higher 
affinity of SCN⎺ anions to methyl-terminated hydrophobic surfaces. 
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When it comes to its crystallization mechanism, ZIF-8 is one of the most extensively 
studied metal-organic frameworks (MOFs). Traditional techniques based on X-rays, light 
scattering have provided detailed insight into the complex nonclassical pathways of 
nucleation and crystal growth of ZIF-8. However, especially at the initial stages, open 
questions remain. 

Here, we probe the nucleation and crystal growth of ZIF-8 nanocrystals with in-
situ nonlinear optical (NLO) light scattering techniques. NLO processes are 
remarkably sensitive towards symmetry and are able to characterize the structure of 
aggregates, clusters and crystals in-situ.1,2 Our in-situ NLO measurements provided 
unique insights into the crystallization mechanism of ZIF-8, which were missed by 
SAXS/WAXS synchrotron performed on the same samples. In the earliest growth 
stage growth is fast leading to defects which were probed by combining second and 
third harmonic light scattering. The earliest structure of the crystals is picked up by 
depolarised measurements and is in line with the final crystal structure of ZIF-8. In 
the later stages Ostwald ripening leads to defect healing increasing the overall 
crystallinity. 

Our measurements highlight the potential of NLO techniques to probe 
nucleation and crystal growth in situ, providing a window into information missed by 
traditional X ray based techniques. 

1 Van Cleuvenbergen, S. et al. Nat. Commun. 9, 3418 (2018) 

2 Van Steerteghem, N. et al. Anal. Chem. 89, 2964–2971 (2017) 
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Coherent anti-Stokes Raman scattering (CARS) microscopy is a powerful third-order 
nonlinear optical imaging technique that delivers chemical maps of heterogeneous biological 
samples based on their intrinsic vibrational spectrum in a label-free manner. In its simplest 
implementation, it exploits the combination of two picosecond pulses, the pump and the 
Stokes, to shine the sample, probing a single vibrational mode. Broadband CARS (B-CARS) 
aims at combining the high acquisition speed of the single-frequency CARS technique with 
the detailed chemical information delivered by spontaneous Raman. CARS detects the anti-
Stokes frequency component by mean of a simple spectrometer. On the downside, the CARS 
signal suffers from the presence of a chemically unspecific contribution, known as non-
resonant background (NRB), that distorts the vibrational line shapes. The NRB can also act as 
a phase-coherent local oscillator, allowing heterodyne amplification of the weak resonant 
Raman response which is beneficial in B-CARS.  

Here, we present a B-CARS microscope1 covering the entire fingerprint vibrational region 
with down to 1-ms pixel dwell time and unprecedented sensitivity (Fig. 1(a)). Our system is 
based on an amplified laser centered at 1035 nm with lower repetition rate than standard 
systems (2 MHz vs. 80MHz), thus delivering pulses with much higher (J level) energy. 
This feature of the driving laser enables white-light supercontinuum generation in bulk media, 
a compact, robust and alignment-insensitive technique, and stronger CARS signals.  
Moreover, we employ artificial-intelligence-based methods2 to further enhance the signal-to-
noise ratio of CARS spectra as well as numerical algorithms for NRB removal and spectral 
unmixing. We demonstrate the capability of the system of imaging biological heterogeneous 
samples chemically localizing different species. In particular, we show high quality images of 
longitudinal section of murine vertebra covering the whole fingerprint region (Fig. 1(b)).  

 

 
Figure 1. (a) Scheme of the B-CARS experimental setup. HWP: half-wave plate; PBS: polarizing beam splitter; 
L1, L2, L3: lenses; LPF: long-pass filter; DM: dichroic mirror; SPF: short pass filter. (b-c) Concentration map 
and spectra of 6 µm-thick slice of murine vertebra highlighting the three main clusters of bone (red), bone 
marrow (green) and muscle (blue). Imaging settings: 400x800 pixels, 1-µm pixel size, 1024 spectral points 
acquired per pixel, 10-ms pixel dwell time. 

1 F. Vernuccio et al. Opt. Express. 30-17 (2022) 30135-30148. 
2 F. Vernuccio  et al. Laser Photon. Rev. 16 (2022) 2100399. 
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The aberrant folding of α-synuclein (αS) into amyloid aggregates is associated with 
Parkinson’s disease. The refolding can be catalyzed by lipid-membrane surfaces. Despite the 
importance of lipid interactions, the 3D-structure of lipid-membrane bound αS is still not 
known in detail. Here, we report interface-specific vibrational sum- frequency generation 
(VSFG) experiments revealing how monomeric αS binds, folds and orients at anionic lipid 
membranes. VSFG is inherently surface specific, the experiments can be performed at high 
αS concentrations, far beyond previous structural studies. To interpret the experimental VSFG 
data, we developed an analysis method in which out-of-equilibrium molecular-dynamics 
simulations are linked to excitonic amide-I SFG spectra calculations. We find that at low αS 
concentrations, the protein binds in a flat geometry, while at higher, physiological 
concentrations, a transition to an upright αS binding pose occurs. This upright conformation 
promotes lateral interactions and may explain how protein concentrations can catalyze the 
formation of αS amyloids.  

   

 
Figure: The binding pose of α-synuclein at a lipid interface determined by a combination of VSFG, 
molecular dynamics simulations and spectra calculations. 
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Self-phase modulation (SPM) effects and the propagation of filaments induced by ultrafast 

laser pulses are of great interest in nonlinear optical media1. The significant spectral 

broadening of the initial pulse due to SPM allows e.g. for providing the pump and the Stokes 

beams in coherent anti-Stokes Raman scattering (CARS). Thus, the broadened spectrum 

generated by filamentation is typically used for simultaneous excitations of different 

molecular species in the CARS. So far, most of these studies related to spectral broadening 

have been conducted with Ti:sapphire based amplifiers, typically at a pulse duration of 

~100 fs. Recent advances in thin-disk laser technology allow for filamentation with ps-pulses 

at ~1 µm wavelength. The long initial pulse duration gives reason to expect less efficient 

spectral broadening due to SPM effects. The first results indeed showed spectral widths of 

~40 nm2 , in contrast to a few hundreds of nm with a fs pulse duration3. 

In this study, a thin-disk regenerative amplifier (Dira 500, Trumpf Scientific, Germany) is 

used as pump source, providing a maximum pulse energy of 60 mJ at 1 kHz and a pulse 

duration of ~1 ps at 1030 nm to achieve filamentation with a 3 m focusing lens. We show that 

the supercontinuum generated in the filament is sufficiently broad as pump/Stokes pulses and 

the second harmonic ~515 nm (kept at a pulse energy of 300 µJ) as probe pulse to detect 

CARS signals in air and CH4. To investigate the influence of dispersion on the CARS signals 

in air, we evaluate a typical window of combustion cells made of fused silica (Fig. 1 (a)). One 

can see that the intensity of the CARS signals in air are slightly decreased. Under optimized 

focusing conditions, the CARS signal of CH4, which is an important species in many 

combustion scenarios with a higher Raman shift (~2917 cm-1), is shown in Fig. 1 (b). This 

demonstrates the potential for applications in combustion and gasification diagnostics. 

  
Fig. 1 (a) CARS signals in air with and without optical windows. The windows are placed 17 cm 

downstream from a 3 m focusing lens. (b) CARS signal of CH4 at a pulse energy of 34 mJ. 

_______________________ 
1 A. Couairon and A. Mysyrowicz, Phys. Rep. 441, 47-189 (2007). 
2 A. Houard, V. Jukna, G. Point, Y. B. Andre, S. Klingebiel, M. Schultze, K. Michel, T. Metzger, and A. 

Mysyrowicz, Opt. Express 24, 7437-7448 (2016).  
3 F. Théberge, W. Liu, Q. Luo, and S. L. Chin, Appl. Phys. B 80, 221-225 (2005).  
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Coherent anti-Stokes Raman spectroscopy (CARS) is a powerful tool in combustion 

diagnostics1. N2 CARS is a typical means of measuring the gas phase temperature. Fs-CARS 

is based on the excitation of closely spaced molecular transitions of molecular species, but the 

large spectral bandwidth of fs-pulses may also excite nearby transitions of other species (e.g. 

N2-CO, O2-CO2). This could lead to beating patterns in the time dependent Raman decay2,3. In 

this study, in order to avoid simultaneous excitation of different molecules and to provide 

sufficient spectral resolution, we use a ps-CARS setup for thermometry measurements in 

combustion relevant gases. 

A customized ps-OPA with a thin-disk pump source provides pulse energies of ~200 µJ at 

1 kHz4. In the ps-CARS setup, the signal of the OPA is used as pump, the fundamental 

wavelength at 1030 nm as Stokes and the second harmonic of the thin-disk laser (515 nm) as 

probe. With the constant spectral width of 18 cm-1 over the full tuning range 700-950 nm of 

the OPA, it is possible to resolve the fundamental (Δυ~2330 cm-1 for υ’=1→υ’’=0) and the 

first hot band (Δυ~2300 cm-1 for υ’=2→υ’’=1) of N2. The CARS signals of the fundamental 

and the first hot band of N2 are both recorded at 20 °C (black lines) and 720 °C (blue lines) 

(Fig. 1a), which allows for thermometry based on the population of the vibrational levels. The 

intensity ratio of the two peaks is ~0.2, which fits well to the literature value at ~1000 K 

(~727 °C)5. In Fig. 1b we show one example of the dephasing rate of the fundamental peak of 

N2 (dots) at different temperatures, which is in good agreement with the simulation data 

(lines). Further experiments will especially focus on N2 concentration determination and other 

major species (e.g. CO2 and CH4) in combustion diagnostics.  

  
Fig. 1 (a) The vibrational CARS signals of N2 at various temperatures at a pressure of 5 bar. (b) 

Dephasing rate of N2 at a Raman shift of 2330 cm-1 with the best fitting curves. 

______________________ 
1 S. Roy, J. R. Gord, and A. K. Patnaik, Prog. Energy Combust. Sci. 36, 280-306 (2010). 
2 S. Roy, D. Richardson, P. J. Kinnius, R. P. Lucht, and J. R. Gord, Appl. Phys. Lett. 94, 144101 (2009) 
3 W. D. Kulatilaka, J. R. Gord, and S. Roy, Appl. Phys. B 102, 141-147 (2010). 
4 X. Zhao, M. Baudisch, M. Beutler, T. Gabler, S. Nolte, and R. Ackermann, “Tunable picosecond optical 

parametric amplifier pumped by 1 ps pulses at 1 µm for coherent anti-Stokes Raman scattering”, Opt. Express, in 

press. 
5 J. Kiefer, M. F. B. Stodt, and U. Fritsching, J. Raman Spectrosc. 52, 1582-1588 (2021). 





 

 

 
 

 

 

 

 

 

 

 

 
APE GmbH presents the new deltaEmerald OPO. Allowing simultaneous SRS imaging of two 
vibrational bands with its revolutionary dual color SRS (DC-SRS) scheme. 

The one-box device provides two Stokes beams and a tunable Pump beam. All three beams 
are overlapped in space and time, enabling nondestructive and fast Coherent Raman Imaging. 
Another attractive application is real background free SRS imaging, providing for example 
measurements of weak Raman signals in the finger print region. 

The deltaEmerald is specifically designed to facilitate the use for non-laser experts. 
Automated wavelength tuning, easy access for software implementation and an active 
stabilization are just a few features of the Raman light source. 

 

 

 

Further Information at www.ape-berlin.de/en/dc-srs/ 
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