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 ABSTRACT 

 

The introduction of the laser in the 1960s brough forth the discovery of many 

nonlinear phenomena and marked the beginning of the field of nonlinear optics. Nonlinear 

spectroscopy offers many additional features over conventional linear spectroscopy which 

can be useful towards biomedical applications. In this work, we employ nonlinear 

spectroscopy and phenomena towards solving problems in biomedical fields. 

In the first study, the visible light generation following filamentation is studied to 

address knowledge gaps within the American National Standard for the Safe Use of Lasers 

(ANSI Z136.1-2014). The ANSI standards provide maximum permissible exposure 

(MPE) values for skin and retinal tissue; however, nonlinear optical effects that cause 

visible light generation are currently not addressed. In this study, we measure the visible 

light following filamentation of ultrafast near- to mid- infrared (IR) light. Near-IR light, 

which normally attenuates before reaching the retina in the eye, was found to generate 

sufficient visible light following filamentation to exceed the MPE values set by ANSI. 

In the next two studies, ultrafast transient absorption spectroscopy is used to study 

the mechanisms underlying the photobiomodulation (PBM) effect. PBM is the use of low 

irradiance light in the red to near-IR range to stimulate beneficial effects in tissues and 

cells. However, the electronic or molecular mechanisms which initiate that effect are not 

well understood. In our first study, we introduce a novel methodology which couples a 

continuous wave (CW) laser with ultrafast transient absorption spectroscopy (TAS), 

coined as CW-TAS, and test the proof-of-principle with the mitochondrial protein, 
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cytochrome c (Cyt c). The TAS data for Cyt c remained intact and unperturbed with the 

addition of the CW light compared to standard TAS. This indicated that CW-TAS can be 

used on the more complex mitochondrial proteins suspected to be involved in PBM, and 

it provided further evidence that Cyt c was not an initiator of the PBM effect. In our second 

study, we apply the CW-TAS technique to the more complex mitochondrial protein, 

Complex III (C-III), from a mammalian source. This study provided the first TAS 

characterization for C-III from specifically a mammalian source. In addition, the 

photodissociation and recombination of the axial ligand that was tested with TAS was 

found to not exhibit changes when measured with CW-TAS. Therefore, we conclude that 

this electronic process of C-III is eliminated from being a potential initiator of the PBM 

effect. 

In the final study, beam shaping techniques were applied to improve the spectral 

resolution of impulsive stimulated Brillouin scattering (ISBS) spectroscopy towards 

cellular studies. Brillouin spectroscopy, which studies the elastic properties of materials, 

has been demonstrated to be useful for biomedical imaging and sensing. In particular, 

ISBS microscopy has recently been introduced towards biomedical applications; however, 

improvements to the spectral resolution have not been currently addressed. In this study, 

we expand the initial pump beam diameter with a 4f configuration and employ the use of 

a cylindrical lens to focus it into the system. The ISBS linewidth in the Fourier domain 

was found to be dependent on the pump beam’s spatial geometry. By increasing the 

spectral resolution, close elastic signals can be resolved which is important in biological 

and cellular studies where samples contain a high water content. 
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1. INTRODUCTION  

 

1.1. Background for Nonlinear Optics 

Spectroscopy is the study of the interactions between light and matter where the 

resulting signal is measured as a function of the light’s wavelength or frequency. By 

measuring and analyzing the light that follows from the interaction with a material sample, 

different properties about that sample can be obtained, such as optical properties or 

structural properties. Prior to the 1960s, the most common type of spectroscopies were 

linear spectroscopies where the electrons in a sample interact with only one light particle 

(one “photon”) in the interaction. However, this changed with the construction of the first 

working laser by Theodore H. Maiman in 1960 at the Hughes Research Laboratories [1], 

based on the theoretical framework by Charles H. Townes and Arthur L. Schawlow 

published in 1958 [2]. 

Shortly thereafter, the field of “nonlinear optics” was born with the discovery of 

second-harmonic generation (SHG) by Peter A. Franken et al. in 1961 [3]. In their 

experiment, a ruby laser with a wavelength of 694 nm was focused onto a sample of quartz 

and the output was measured with a spectrometer. In the spectra, there was a signal at 

measured at 694 nm due to the unperturbed source beam and there was also a signal 

measured at 347 nm, at the second harmonic. The 347 nm beam was at half the wavelength 

of the source beam, and thus, twice the frequency and energy. This observation of 

harmonic generation in optical waves was made possible by the application of the laser 

due to its high intensity output. This led to the birth of the field of nonlinear optics. 
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Nonlinear optics is the study of light-matter interactions in which the material’s 

response to the applied optical field depends nonlinearly on the strength of the optical field 

[4]. For example, SHG is a nonlinear optical phenomenon that occurs as a result of the 

atomic response that scales quadratically with respect to the applied optical field. As a 

consequence of this, the intensity of the second harmonic light generated in SHG tends to 

increase proportionally to the square of the intensity of the applied source light. SHG is 

one of many different nonlinear optical effects that have been discovered since the advent 

of laser technology. In the following section, we will provide a brief introduction into 

nonlinear optical theory which will motivate each of the nonlinear spectroscopies used in 

the scope of this work. 

1.2. Nonlinear Optical Theory 

1.2.1. Nonlinear polarization 

The following treatment of nonlinear optical theory will follow from Robert 

Boyd’s “Nonlinear Optics” [4]. In conventional optics and classical electromagnetic 

theory, the polarization 𝑃(𝑡) of a material is linearly dependent on the applied electric 

field 𝐸(𝑡) described by Equation 1.1. 

�̃�(𝑡) = 𝜖0𝜒(1)�̃�(𝑡) (1.1) 

Here, 𝜖0 is the permittivity of free space, 𝜒(1) is the linear susceptibility, and the tilde (~) 

denotes that the quantity oscillates rapidly in time. At high electric field strengths, such as 

with the application of a laser as the applied field, the polarization no longer maintains a 

linear dependence on the applied field. In nonlinear optics, the polarization is more 
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appropriately expressed as a power series in the electric field strength, described by 

Equation 1.2. 

�̃�(𝑡) = 𝜖0(𝜒(1)�̃�(𝑡) + 𝜒(2)�̃�2(𝑡) + 𝜒(3)�̃�3(𝑡) + ⋯ ) (1.2) 

�̃�(𝑡) = �̃�(1)(𝑡) + �̃�(2)(𝑡) + �̃�(3)(𝑡) + ⋯ (1.3) 

Here, 𝜒(2) and 𝜒(3) are the second-order and third-order nonlinear susceptibilities, 

respectively. In addition, �̃�(2)(𝑡) = 𝜖0𝜒(2)�̃�2(𝑡) is the second-order nonlinear 

polarization and �̃�(3)(𝑡) = 𝜖0𝜒(3)�̃�3(𝑡) is the third-order nonlinear polarization. 

We briefly note here that the expression for the nonlinear polarization as written 

in Equation 1.2 is written in the scalar form for simplicity. In a more general form, the 

polarization and electric field are vector quantities, and the susceptibilities 𝜒(𝑛) are rank 

(𝑛 + 1) tensors (for example, 𝜒(1) is a rank 2 tensor). In addition, it is written with the 

assumption that the medium is lossless and without dispersion. More general expressions 

that account for loss and dispersion can be found in detail in Section 1.3 of Boyd’s 

“Nonlinear Optics” [4]. 

1.2.2. Optical Kerr effect 

When intense light is incident upon a medium, the light can induce a variation in 

the index of refraction which is directly proportional to the intensity of that light. This 

results in an intensity dependent index of refraction (𝑛), also known as the optical Kerr 

effect, which is described in Equation 1.4. 

𝑛 = 𝑛0 + 𝑛2𝐼 (1.4) 

Here, 𝑛0 is the linear refractive index that low intensity light would usually experience, 

𝑛2 is the nonlinear refractive index, and 𝐼 is the intensity of the incident light. The optical 
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Kerr effect comes from the third-order nonlinear susceptibility 𝜒(3) of the material and is 

related to the nonlinear refractive index 𝑛2 by the expression given in Equation 1.5. 

𝑛2 =
3

4𝑛0
2𝜖0𝑐

𝜒(3) (1.5) 

Here, 𝜖0 is the permittivity of free space and 𝑐 is the vacuum speed of light. To provide 

references for some typically observed values, some experimentally measured values for 

𝑛2 (and the computed 𝜒(3) values) are tabulated in Table 1.1 for different mediums, such 

as air, water, and commonplace optical materials. The intensity dependent index of 

refraction leads to many interesting physical consequences, because the optically modified 

medium can then modify the incident optical field. This results in many interesting effects 

such as (but not limited to): self-focusing [5], self-phase modulation [6,7], self-steepening 

[8], and filamentation [9,10]. 

 

Table 1.1 Experimentally measured n2 values for different optical media, and the 

associated χ(3) value computed using Equation 1.5. The Sellmeier equation was used 

to compute the adjustment to the linear refractive index n0 for each medium based 

on the source wavelength. 

 

Medium Wavelength (nm) 𝑛0 𝑛2 (cm2/W) 𝜒(3) (m2/V2) Reference 

Air 800 1.0003 3.0 × 10−19 1.1 × 10−25 [11] 

Water 1064 1.326 4.1 × 10−16 2.6 × 10−22 [12] 

BK7 glass 1064 1.4496 2.1 × 10−16 1.6 × 10−22 [13] 

Fused silica 1030 1.45 2.2 × 10−16 1.6 × 10−22 [14] 

ZnSe 1064 2.472 2.9 × 10−14 6.3 × 10−20 [15] 
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The self-focusing of light refers to when intense light modifies the optical 

properties of the medium such that the medium then causes the light to focus while 

propagating in the medium. The high intensity of the light modifies the effective index of 

refraction due to the optical Kerr effect (see Equation 1.4) proportional to the light 

intensity. Since the center of the beam profile is more intense than the peripheral for lasers, 

the effective index of refraction of the material is modified more strongly where the center 

of the beam propagates than the peripheral of the beam. As a result, a gradient of effective 

refractive indices forms in the medium due to the beam’s intensity distribution. For 

nonlinear index 𝑛2 > 0 (as is the case for most materials), the optically modified material 

behaves like a positive lens, causing the beam to focus while propagating in the medium. 

1.3. Filamentation 

The following section on filamentation follows from the comprehensive article on 

the subject matter written by Arnaud Couairon and André Mysyrowicz [10] as well as 

from chapter 7 in Robert Boyd’s “Nonlinear Optics” [4]. Filamentation is a nonlinear 

optical phenomenon where intense laser pulses undergo self-focusing and overcome pulse 

diffraction to propagate distances much larger than the diffraction length while 

maintaining a narrow beam diameter. This occurs when the laser pulse has a power that is 

greater than what is known as the critical power threshold 𝑃𝑐𝑟, defined in Equation 1.6. 

𝑃𝑐𝑟 =
𝐶𝜆2

8𝜋𝑛0𝑛2

(1.6) 

Here, 𝜆 is the wavelength of the initial pulse, 𝑛0 is the linear refractive index of the 

medium, 𝑛2 is the nonlinear index of the medium, and 𝐶 is a numerical factor based on 
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the shape of the beam profile. In the general case, the numerical factor is between the 

values of 3.72 < 𝐶 < 6.4 [16]. Specific examples include 𝐶 ≈ 3.72 for a Townes beam 

and 𝐶 ≈ 3.77 for a Gaussian beam [10]. 

Filamentation occurs when the incident laser power is greater than the critical 

power (𝑃𝑖𝑛 > 𝑃𝑐𝑟). Figure 1.1 displays a schematic representation of the filamentation 

process. The critical power 𝑃𝑐𝑟 is defined as the power that the incident laser pulse must 

have for the self-focusing of the pulse to balance exactly against the natural divergence of 

the laser due to diffraction. Therefore, the self-focusing overcomes diffraction when 𝑃𝑖𝑛 >

𝑃𝑐𝑟, and this focusing causes the beam to collapse in diameter and thus increase in 

intensity. When the intensity is sufficiently high, multiphoton ionization of the medium 

begins to occur which partially attenuates the laser pulse’s core intensity and results in the 

generation of a plasma in the medium. This plasma causes a local reduction in the index 

of refraction and acts to defocus the beam [17]. Once defocused, the pulse may still have 

a power above the critical power threshold and enter another focusing-defocusing cycle. 

This is the process of filamentation, and the part of the pulse propagation where the 

column of weakly ionized plasma is generated is referred to as the filament. 

 



 

7 

 

 

Figure 1.1 Schematic representation of filamentation. The solid red curves indicate 

the intense core of the laser beam, and the black dashed arrow indicates the axis of 

pulse propagation. Adapted from Couairon et al., “Femtosecond filamentation in 

transparent media” [10]. 

 

1.4. Transient Absorption Spectroscopy 

Transient absorption spectroscopy (TAS) is a pump-probe spectroscopic technique 

which probes and characterizes the excited dynamics of molecules and chemical processes 

with a high temporal resolution. Typically for linear spectroscopic techniques, the time-

resolution of a measurement can be limited by the speed of the detector, which can be on 

the order of nanoseconds. However, for pump-probe spectroscopies such as TAS, the 

time-resolution is only limited by the time-duration of the pump and probe pulses. With 

the use of a femtosecond laser source for the pump and probe pulses, ultrafast TAS can 

achieve a sub-picosecond timescale which allows for the biological and chemical photo-

processes to be resolved [18]. 
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A schematic of the principle of TAS is displayed in Figure 1.2. In TAS 

measurements, a fraction of the sample is first excited with a pump pulse which is then 

followed by a white light (supercontinuum) probe pulse with a time delay Δ𝑡 between the 

pulses. After passing through the sample, the remaining pump pulse is blocked, and the 

white light probe is measured with a spectrometer. Following the pump-probe 

measurement, a measurement with only the probe pulse without the pump pulse is taken 

for the ground state measurement. In TAS, the excited absorbance measurement and 

ground-state absorbance measurement are both used to compute a difference absorbance 

Δ𝐴(𝜆) at that time delay. This process is repeated for at different time delays Δ𝑡 to build 

the difference absorbance Δ𝐴(𝜆, Δ𝑡) data set which is surface data depending on the two 

parameters: wavelength 𝜆 and time delay Δ𝑡. 

 

 

Figure 1.2 Schematic representation of transient absorption spectroscopy. Here, Δt 

is the time delay between the pump and probe pulses. 

 



 

9 

 

The difference absorbance spectrum Δ𝐴(𝜆) can be presented as a difference of the 

pumped (excited) sample absorbance and unpumped (ground-state) sample absorbance as 

shown in Equation 1.7. 

Δ𝐴(𝜆, Δ𝑡) = 𝐴𝑝𝑢𝑚𝑝𝑒𝑑(𝜆, Δ𝑡) − 𝐴𝑢𝑛𝑝𝑢𝑚𝑝𝑒𝑑(𝜆) (1.7) 

The absorbance 𝐴 is related to the transmittance 𝑇 of light in a sample by the relation in 

Equation 1.8, and the transmittance can be expressed in terms of the intensity of light 

before (𝐼0) and after (𝐼) passing through the sample. 

𝐴 = − log10(𝑇) (1.8) 

𝑇 =
𝐼

𝐼0

(1.9) 

In TAS experiments, the measurements being are being made by the spectrometer are of 

the final intensity (𝐼) of the pumped sample (𝐼 = 𝐼𝑝𝑢𝑚𝑝𝑒𝑑(𝜆, Δ𝑡) and of the unpumped 

sample (𝐼 = 𝐼𝑢𝑛𝑝𝑢𝑚𝑝𝑒𝑑). With careful tuning of the probe pulses for spectral consistency 

from pulse-to-pulse and taking enough averaging, the initial probe intensity 𝐼0 on the 

sample can be considered to be equivalent between the pumped and unpumped samples. 

Therefore, Equations 1.7-1.9 can be used to derive the expression in Equation 1.10 for the 

difference absorbance spectrum Δ𝐴(𝜆). 

Δ𝐴(𝜆) = − log10 (
𝐼𝑝𝑢𝑚𝑝𝑒𝑑(𝜆, Δ𝑡)

𝐼𝑢𝑛𝑝𝑢𝑚𝑝𝑒𝑑(𝜆)
) (1.10) 

This is how the Δ𝐴(𝜆) spectrum for each time delay Δ𝑡 is calculated by the computer 

software from the measurements taken in TAS experiments. 
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1.5. Impulsive Stimulated Brillouin Spectroscopy 

This section follows in part from the discussion in the book section “Transient 

Grating Experiments in Glass-Former Liquids” by Renato Torre and his coworkers [19]. 

Impulsive stimulated Brillouin scattering (ISBS) is a form of the stimulated Brillouin 

scattering (SBS) phenomenon that takes advantage of the transient grating technique [20]. 

In transient grating spectroscopy, a spatially periodic modulation of the dielectric constant 

can be induced in a material by directing two pulses into the sample to create an 

interference pattern in that material. This interference pattern creates a change in the 

dielectric constant at the high intensity fringes, and this results in the build up of a density 

grating due to either electrostriction of thermal absorption (or both in some cases) induced 

by the high intensity fringes. In the case of ISBS, the density grating propagates as an 

acoustic mode which can be probed with the application of a second laser. 

The transient grating spectroscopies became known by the name impulsive 

stimulated light scattering (ISS) in the 1980s when the theoretical framework was 

developed and published by Keith Nelson and his student Yong-xin Yan [21,22]. In this 

way, the nomenclature of the ISS technique can be changed to properly describe the 

excited mode in the experiment: impulsive stimulated Brillouin scattering (ISBS) for when 

acoustic modes are excited, impulsive stimulated Raman scattering (ISRS) when optical 

modes are excited, and impulsive stimulated thermal scattering when a thermal grating is 

produced due to a weak absorption of the pumps by the material [19]. Furthermore, the 

condition that makes ISS techniques “impulsive” is that the temporal length of the pump 

pulses must be shorter than one cycle of the wave of interest [21]. This allowed for the 
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excitation force to be described approximately as a 𝛿-function in the development of ISS 

theory. As an example of meeting the “impulsive” condition, if the expected frequency of 

the signal was on the order of 𝑓 = 100 𝑀𝐻𝑧, such as for liquid samples in ISBS 

experiments [23], one acoustic cycle (or period, 𝑇) would be on the order of 𝑇 = 1/𝑓 =

10 𝑛𝑠. A nanosecond pulsed laser would be sufficient to satisfy the impulsive condition 

in this example. 

Figure 1.3 displays a step-by-step depiction of the principle of ISBS. First, two 

pump pulses are propagated into a medium with an intersecting angle of 2 ∗ 𝜙𝑝𝑢𝑚𝑝 

between the two pulses. As the two pump pulses converge within the medium, an 

interference pattern is produced that modulates the dielectric properties at the interference 

fringes of high intensity. This temporary grating that is produced in the medium has a 

fringe spacing (𝑑) given by Equation 1.11. 

𝑑 =
𝜆𝑝𝑢𝑚𝑝

2 sin(𝜙𝑝𝑢𝑚𝑝)
(1.11) 

 

 

Figure 1.3 The principle of ISBS illustrated from left to right. First two pump pulses 

intersect and form an interference pattern. The interference pattern induces a 

density grating and thus an acoustic wave in the medium. The probe beam scatters 

off this grating and the diffracted light is measured. Adapted from [24]. 
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Here, 𝜆𝑝𝑢𝑚𝑝 is the wavelength of the pump pulse, and 𝜙𝑝𝑢𝑚𝑝 is the angle between 

the pump pulse and the propagation axis. The grating is then probed with a continuous 

wave (CW) probe laser where part of the probe is diffracted by the grating and intensity 

modulated by the acoustic frequency. If the signal is generated from (1) a thermal 

excitation or (2) an electrostrictive excitation with a heterodyne detection scheme, the 

modulation frequency (𝑓 = 𝑓1) will be given by Equation 1.12. 

𝑓1 =
𝑣𝑠

𝑑
= 2

𝑣𝑠

𝜆𝑝𝑢𝑚𝑝
sin(𝜙𝑝𝑢𝑚𝑝) (1.12) 

Here, 𝑣𝑠 is the speed of sound in the material. If the signal is generated by an 

electrostrictive excitation with a homodyne detection scheme, the modulation frequency 

(𝑓 = 𝑓2) will instead be given by Equation 1.13. 

𝑓2 =
2𝑣𝑠

𝑑
= 2𝑓1 (1.13) 

Further discussion on these signal generation processes, as well as the effect of 

homodyne/heterodyne detection on the electrostrictive signal, has been detailed in recent 

work [24,25]. 
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2. FILAMENTATION IN ATMOSPHERIC AIR WITH TUNABLE 1100-2400 NM 

NEAR-INFRARED FEMTOSECOND LASER SOURCE* 

 

2.1. Introduction 

Laser induced filamentation is a nonlinear optical effect where intense laser pulses 

undergo self-focusing from the Kerr effect to overcome pulse diffraction and to propagate 

distances much larger than the diffraction length while maintaining a narrow beam 

diameter. Laser induced filamentation has been observed in solid, liquid, and gaseous 

media and has been studied in relation to high harmonic generation, supercontinuum 

generation, and as a method to generate single cycle and attosecond laser pulses 

[10,26,27]. Of particular interest is understanding open-air pulse propagation and 

atmospheric filamentation. Atmospheric filamentation provides applications such as 

atmospheric and remote sensing with techniques such as laser-induced breakdown 

spectroscopy [28] and white light continuum ranging [29]. Atmospheric filamentation has 

also been studied as a method to achieve long distance optical communication and 

transmission of energy [30]. 

Filamentation occurs when a high power, femtosecond laser pulse propagates 

through a medium and is self-focused (Kerr lensing) by the intensity dependent refractive 

index (n2). If the pulse power (Equation 2.1) exceeds a critical power threshold (Equation 

 

* Reprinted with permission from “Filamentation in Atmospheric Air with Tunable 1100-2400 nm Near-

Infrared Femtosecond Laser Source” by S. P. O’Connor, C. B. Marble, D. T. Nodurft, G. D. Noojin, A. R. 

Boretsky, A. W. Wharmby, M. O. Scully, and V. V. Yakovlev, 2019, Sci. Rep., 9, 12049, Copyright 2019 

by Springer Nature. (Reference [123]) 
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2.2) the self-focusing will overcome the pulse diffraction causing the beam to collapse 

until multi-photon ionization occurs. The critical power threshold is dependent on the 

nonlinear refractive index (𝑛2~ 5 × 10−19 𝑐𝑚2/𝑊 for air [31]) and a numerical factor 

(C) related to the beam shape (𝐶 ≈ 3.77 for a Gaussian beam, 3.72 <  𝐶 < 6.4 in general 

[16]). 

𝑃𝐸𝑥𝑝 = 𝐾
𝐸𝑛𝑒𝑟𝑔𝑦

𝑇𝑖𝑚𝑒
  , 𝐾 = 0.94 for a Gaussian beam (2.1) 

𝑃𝑐𝑟𝑖𝑡 =
𝐶𝜆2

8𝜋𝑛𝑜𝑛2

(2.2) 

Plasma generation halts beam collapse. Defocusing from plasma generation 

balances self-focusing effects which results in the generation of one or more thin filaments 

of light which propagate distances that are orders of magnitude greater than the Rayleigh 

range without defocusing [30]. Laser filaments can display unusual properties such as 

pulse temporal self-compression. Self-compression during filamentation can reshape and 

shorten the time profile of the pulse leading to potential applications in attosecond pulse 

generation [27].  

Spectral broadening also accompanies filamentation through nonlinear effects 

such as self-phase modulation and self-steepening which modulates the initial pulse’s 

spectrum into a supercontinuum composed of a broad range of wavelengths. 

Supercontinuum generation was first reported in 1970 in which 530 nm picosecond pulses 

were propagated through bulk BK7, and the resulting pulse was spectrally broadened to a 

400-700 nm spectral range [26]. Since then, intense “white-light” continuums generated 

in filamentation and supercontinuum studies have found a broad spectra of applications 
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including optical coherence tomography [32], colorimetry [33], STED microscopy [34], 

pump-probe spectroscopy [35,36], and Raman spectroscopy [37–40]. 

The first observation of laser filamentation in air was by Braun et al. with a 775 

nm input pulse [41]. Since then, atmospheric filamentation has been reported at many 

wavelengths shorter than 1030 nm and in the mid-IR at 3.9 µm (see Table 2.1). 

Filamentation with a near-IR input beam has been demonstrated in highly-pressurized 

gases [42–45]. To our knowledge, filamentation in atmospheric air with a tunable near-IR 

laser source has not been attempted. 

 

Table 2.1 Filaments in air observed in literature. Critical powers are estimated with 

Equation 2.2 using n2 ~ 5 x 10-19 cm2/W as an estimated from literature [31], and 

experimental pulse powers are computed with Equation 2.1 assuming a Gaussian 

pulse. 

 

Wavelength 

(nm) 

FWHM 

Time 

Duration 

(fs) 

Pulse 

Energies 

(mJ) 

Critical 

Power 

(C=3.77) 

(GW) 

Critical 

Power 

(C=6.4) 

(GW) 

Experimental 

Pulse Powers 

(GW) 

Reference 

248 450 2 – 5 0.2 0.3 4 – 10 [46] 

248 5000 7.5 0.2 0.3 1.4 [46] 

400 ~ 60 2.3 0.5 0.8 36 [31] 

406 40 1 0.5 0.8 7 [47] 

527 900 1.6 – 4 0.8 1.4 2 – 4 [48] 

775 200 2 – 50 1.8 3.1 9 – 235 [41] 

800 42 2.3 1.9 3.3 51 [31] 

1030 200 1.5 – 10 3.2 5.4 7 – 47 [49] 

3900 ~ 80-200 20 – 30 46 77 200 – 350 [16] 

10200 3500 5200 310 530 1400 [50] 
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Despite the use of open-air high-power lasers, the eye safety implications of 

supercontinuum generation in air have not been studied. Eye safety standards such as 

ANSI Z136.1 set maximum permissible exposure (MPE) limits based on the laser 

wavelength and time duration, but they do not account for nonlinear processes altering the 

laser wavelength [51]. Concurrent studies of high harmonic generation in zinc selenide 

have shown the generation of sufficient visible and near-infrared radiation light from mid-

IR source wavelengths to pose a retinal hazard by ANSI standards [52]. Eye safety 

standards inform the choice of laser eye protection (LEP) used by laser operators who 

choose LEP that absorbs or reflects the laser wavelength with the minimum reduction of 

visual acuity and color perception. Filamentation and supercontinuum generation raise the 

risk of new or additional eye safety hazards being generated during laser operation at 

wavelengths outside the operating laser wavelength [53]. If LEP is chosen that does not 

also provide adequate protection against the constituent wavelengths of the 

supercontinuum, a retinal injury could occur. One possible eye hazard is the production of 

sub-1050 nm wavelengths which have lower exposure limits compared to >1200 nm 

pulses since longer wavelength pulses (particularly >1400 nm pulses) are strongly 

absorbed in the aqueous and vitreous humors of the eye prior to reaching the retina [51]. 

We demonstrate filamentation in atmospheric air in the lab with tunable near-

infrared laser pulses with wavelengths ranging from 1100 nm to 2400 nm. We report the 

spectrum of the resulting supercontinuum generation as it is projected onto a sheet of paper 

by measuring the center and fringes of its output for different source wavelengths in 

increments of 100 nm. The input energy for each source wavelength is measured prior to 
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filamentation. The experimental setup is then modified to collect and record the energy of 

the visible component of the pulse. We measure the output energy in the sub-1000 nm 

regime following filamentation for the source wavelengths 1100nm to 1600 nm. We show 

that filamentation of the input pulse results in intense visible light generation due to both 

harmonic generation and supercontinuum generation. In some instances, the visible light 

generation exceeded the MPE values set by the ANSI laser eye safety standard confirming 

that near-IR pulse filamentation can generate visible eye hazards. 

2.2. Methods 

Nominally 100 fs near-IR pulses with a source wavelength ranging from 1100 nm 

to 2700 nm were produced using a High Energy TOPAS optical parametric amplifier 

(OPA, model TH8F1) and a Spectra Physics® Spitfire Ace regenerative amplifier (model 

8PTFPA-100F-1K-ACE) following the design of previous studies [54,55]. Pulses from 

1100 nm to 1600 nm were generated using the OPA’s signal beam, and pulses from 1600 

nm to 2700 nm were generated using the OPA’s idler beam. A flip mirror (labeled Au-FM 

in Fig. 2.1(a)) was used to select either the signal or idler beam as the filamentation source, 

and the beam diameter ranged from 6 mm to 9 mm depending on the selected wavelength. 

The beam passed through a 1000 nm long pass filter (Thorlabs® FGL-1000, labeled L in 

Fig. 2.1(a)) to eliminate extraneous visible light that was emitted from the OPA. A 

collection of neutral density filters (labeled F in Fig. 2.1(a)) attenuated the beam energy, 

and the beam was focused in air using a +75 mm calcium fluoride converging lens (labeled 

L1 in Fig. 2.1(a)) which resulted in filamentation. The chirp from quadratic and cubic 

dispersion due to the optics was computed [56]. The quadratic dispersion (linear chirp) 
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was found to be positive, but negligible for all wavelengths. The cubic dispersion from the 

neutral density filters was found to be nonnegligible (and negative) only for 1100 nm and 

1200 nm measurements. The supercontinuum generated during filamentation was 

projected onto a blank sheet of paper. For each wavelength, the supercontinuum spectra 

were recorded for three pulse energies using three spectrometers. Two spectrometers were 

pointed at the center of the supercontinuum, one recording the visible spectrum (V1), an 

Ocean Optics® USB 2000+, and one recording the infrared spectrum (IR1), an Ocean 

Optics® NIR-512. A second Ocean Optics® USB 2000+ spectrometer was used to record 

the visible fringe of the supercontinuum (V2). 

 

 

Figure 2.1 a) The experimental setup to observe the supercontinuum generation. b) 

Removed blank sheet for spectral collection and added optics for visible light 

collection and power measurement after supercontinuum generation. Au-FM: Gold 

flip mirror. Au-M: Gold mirror. C-M: Cold Mirror. F: Filter wheel. IR-M: Infrared 

mirrors. L: Long-pass filter. L1, L2, L3: Converging lenses. P: Power meter. V1, V2: 

Visible spectrum spectrometers. IR1: Infrared spectrum spectrometer. 
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The experimental setup was then modified into a collection regime so that the 

visible light generated during filamentation of the signal beam was focused down and 

collected (see Fig. 2.1(b)). A +200 mm focusing lens was used to collimate the center of 

the supercontinuum pulse, and the collimated beam was reflected off a cold mirror (labeled 

C-M in Fig. 2.1(b)) to remove the near-infrared component of the beam. The reflected 

light was measured using a power meter (Coherent® PM10, P in Fig. 2.1(b)) with and 

without a 1000 nm long pass filter (Thorlabs® FGL-1000) in the path of the reflected beam. 

A 1-inch diameter, BK7 lens (labeled L3 in Fig. 2.1(b)) decreased beam width to fit the 

sub-1000 nm light onto the power meter. After taking measurements for all source beam 

wavelengths from 1100 nm to 1600 nm in increments of 100 nm, the +200 mm collection 

lens was replaced with a +100 mm collection lens and the measurements of reflected light 

with and without the long pass filter were repeated. To account for the absorption of 

infrared light due to the 1000 nm long-pass filter, the absorption spectra for the long pass 

filter from 200 nm to 1600 nm was measured using a spectrophotometer (Cary 6000i, 

Agilent®). We calculated the energy of the sub-1000 nm component of the output pulse 

and the conversion efficiency of filamentation after accounting for the absorption due to 

the long pass filter. 

The relative efficiencies at each wavelength were determined for the NIR-512 and 

USB 2000+ spectrometers using the LS-1 Tungsten Halogen lamp light source (Ocean 

Optics®). For each spectrometer, the LS-1 was coupled to the spectrometer using the same 

fiber used in the filamentation experiment and the LS-1 spectrum was recorded. The 

relative efficiencies were then calculated by comparing the experimentally measured LS-
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1 spectra against the expected LS-1 spectra of a 3100 K blackbody. The relative 

efficiencies were then used to correct the intensity response from our recorded spectral 

data. 

2.3. Results and Discussion 

Using the setup in Fig. 2.1, filamentation was achieved for wavelengths ranging 

from 1100 nm to 2400 nm. For each wavelength, the supercontinuum projected onto the 

paper was photographed (see Fig. 2.2). In addition to photographing the spectra, the visible 

and near-IR spectra were recorded by three spectrometers as shown in Fig 2.1(a). From 

visual examination and spectrometer measurements, the center of the supercontinuum was 

observed to consist of the fundamental infrared wavelength and third harmonic light. 

Consistent with previous explorations of conical emission from supercontinuum 

generation in air, the fringes of the supercontinuum were observed to consist of 

supercontinuum broadened light with larger conic emission angles corresponding to 

shorter (visible) wavelengths [57,58]. In this experiment, the fringes were generally less 

intense than the third harmonic light, with the exception of the measurements taken with 

source wavelengths at 1300 nm and 1400 nm (see Fig. 2.2(a) and (b)). 
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Figure 2.2 Supercontinuum generation imaged onto a sheet of blank white paper. 

Source wavelength for each continuum is (a) 1300 nm (b) 1400 nm (c) 1500 nm (d) 

1600 nm. 

 

The measured wavelengths for the third harmonic peaks are reported in Table 2.2, 

along with the predicted third harmonic wavelength for each source wavelength. We find 

that our wavelength measurements for the observed third harmonics were within 6% of 

the predicted wavelength values. We also report the supercontinuum spectral ranges we 

measured from each spectrometer in Table 2.2. Beam diameters for the 1100 nm and 2400 

nm sources were not acquired as the maximum pulse energy was too weak to detect with 

the beam camera. 



 

22 

 

Table 2.2 Beam parameters for spectra generation. Wavelengths followed by “-I” 

were generated using the Idler beam. Acronyms: Not Measurable (NM), Not 

Observed (NO). 

 

Wavelength 

(nm) 

Max Pulse 

Energy (µJ) 

Beam 

Diameter 

(mm) 

Supercontinuum 

Range 1 (nm) 

Supercontinuum 

Range 2 (mm) 

Predicted 3rd 

Harmonic 

(nm) 

Observed 3rd 

Harmonic 

(nm) 

1100 210 ± 30 NM 1030-1130 NO 367 352 

1200 740 ± 60 7.5 980-1230 615-850 400 389 

1300 840 ± 60 7.6 1015-1355 660-870 433 431 

1400 1530 ± 20 6.9 1145-1430 595-860 467 464 

1500 1360 ± 60 7.0 1285-1575 NO 500 498 

1600 1180 ± 20 6.5 1475-1675 NO 533 530 

1600-I 1220 ± 20 7.3 1200-1685 670-870 533 529 

1700-I 1420 ± 40 8.7 1220-1720 545-840 567 559 

1800-I 1025 ± 6 8.4 1445-1705 655-870 600 604 

1900-I 1185 ± 8 9.8 1520-1720 NO 633 635 

2000-I 970 ± 7 9.1 1565-1715 NO 667 681 

2150-I 885 ± 4 8.3 NO NO 717 757 

2200-I 980 ± 20 8.5 NO NO 733 734 

2300-I 684 ± 8 7.8 NO NO 767 784 

2400-I 47 ± 4 NM NO NO 800 813 

 

 

Spectra measured from the blank sheet of paper are shown in Fig. 2.3. We observed 

supercontinuum generation in the visible and in the infrared regimes, and this light was at 

least an order of magnitude greater than the noise floor in Fig. 2.3. Distinguishable third 

harmonic generation peaks can be seen on each figure at the wavelengths that are listed in 

Table 2.2. We observed spectral broadening of the pump pulse’s wavelength along with 
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the development of a spectral lobe similar to previous studies in highly pressurized gas 

[43–45]. We find that the spectral lobe is blue-shifted with respect to the pump pulse’s 

central wavelength. 

 

 

Figure 2.3 Supercontinuum spectra of the center (black) and fringes (red) of the 

visible output as well as the center output of the IR (blue) are shown above. The left 

axis corresponds to the visible light data, and the right axis corresponds to infrared 

data. Source wavelengths shown are (a) 1200 nm (b) 1300 nm (c) 1400 nm (d) 1700 

nm. Intensities shown were corrected using the relative efficiencies from the LS-1 

light source. 

 

Having recorded the spectra of the supercontinuum generation, we then measured 

the pulse energy using the setup in Fig. 2.1(b) with and without the FGL-1000 long pass 
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filter. By measuring the energy with and without the long pass filter and correcting for the 

infrared wavelength loss of the long pass filter, the sub-1000 nm pulse energy was 

determined for the +200 mm lens setup and +100 mm lens setup (Fig. 2.4). In both 

configurations, 1300 nm and 1400 nm wavelengths were observed to generate micro-

Joules of sub-1000 nm radiation, which is a clear eye hazard based on the ANSI limits and 

input beam radius. If the 1300 nm beam was recollimated to a beam diameter of 7.6 mm, 

the sub-1000 nm light energy per unit area would approach (30.4 ± 1.8) µJ/cm2, exceeding 

the ANSI limit of 0.1 µJ/cm2 by two orders of magnitude [51]. These results agree with 

visual observations of the supercontinuum at 1300 nm and 1400 nm which were intense 

even when scattered from a piece of paper (Fig. 2.2(a) and (b)). The +200 mm experiment 

suggests that the 1600 nm filament was a visible eye hazard while the +100 nm lens setup 

suggested that the 1500 nm filament was a visible eye hazard. Both setups failed to collect 

the entire supercontinuum spectra. The +200 mm lens was only able to capture the center, 

third harmonic region, of the continuum resulting in lower reported pulse energies. 

2.4. Conclusion 

We performed a systematic study of near-IR filamentation in atmospheric air using 

femtosecond pulses with source wavelengths ranging from 1100 – 2400 nm. We 

demonstrated that these near-IR wavelengths were able to generate a supercontinuum in 

the visible spectrum, as well as distinct third harmonics. Measurements of the spectrum 

exhibited a strong third harmonic response that appears within the visible light spectrum 

for most of our input wavelengths, with the exception of near-IR third harmonics for 

>2000 nm source wavelengths. 
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Figure 2.4 Sub-1000 nm light generation collected from power meter (P) in the 

experimental setup in Fig. 2.1(b). Input pulse energy for each source wavelength is 

the max pulse energy listed in Table 2.2. The starting beam diameter of each pulse is 

also listed in Table 2.2. 

 

These third harmonic peaks in the visible light spectrum demonstrate a clear laser-

eye safety hazard according to the ANSI guidelines [51]. The generation of sub-1050 nm 

infrared third harmonic light for >2000 nm source wavelengths is worrisome from an eye 

safety perspective, because laser operators would observe an intense, visible pulse for 

shorter source wavelengths. However, they would not be aware of their exposure to sub-

1050 nm infrared harmonics and continuum for >2000 nm wavelengths. The 

supercontinuum and high harmonic generation from the ultrashort pulses need to be taken 
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into consideration in applications of atmospheric filamentation. In particular, the infrared 

laser eye protection worn to protect against exposure to the source wavelength may not 

provide sufficient protection against the third harmonic wavelength. 

Further study of near-IR filamentation is necessary to determine the hazard that is 

posed from supercontinuum and harmonic generation in the infrared regime, because the 

1000-1200 nm infrared energies were not recorded in the collection setup (Fig. 2.1(b)) of 

our study. For some of our source wavelengths, we observed that supercontinuum 

generation occurs in the near-IR regime which can propagate to the back of the retina, and 

we note that >2000 nm pulses generate spectra located almost entirely in the near-IR. 

Quantification of this 1000-1200 nm near-IR generated light is essential to understanding 

the risk to laser-eye safety that atmospheric air pulse propagation and filamentation can 

pose. Furthermore, the strong nonlinearity of the supercontinuum and harmonic 

generations in atmospheric air propagation indicate that the resulting spectral output is 

subject to large variations from changing the experimental parameters, such as the focal 

length and atmospheric conditions. Future work characterizing sub-1050 nm generation 

efficiencies from nonlinear processes with fine control of source pump energy and 

examining a worst-case analysis will be necessary to provide specific protection 

recommendations for laser-eye safety.
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3. TRANSIENT ABSORPTION SPECTROSCOPY TO EXPLORE CELLULAR 

PATHWAYS TO PHOTOBIOMODULATION* 

 

3.1. Introduction 

Photobiomodulation (PBM) utilizes low irradiance light in the red to near-infrared 

(NIR) wavelength range (R-NIR) to generate beneficial biological effects in living cells 

and tissues. One early study of PBM showed that exposing cells to a low-power 632.8-nm 

HeNe laser stimulated ATP synthesis in mitochondria [59]. Since then, a wide range of 

methodologies have been used to study the effects of PBM, ranging from biological 

methods such as histology [60] and western blot analysis [61], to the techniques of 

spectrophotometry [62], Raman spectroscopy [63], and fluorescence [64]. Many of these 

studies focus on the products, or downstream effects of cellular processes, rather than the 

immediate photon absorption steps by proteins that initiate the PBM processes. Some 

beneficial physiological outcomes from PBM include enhanced wound healing [65,66], 

pain relief [67,68], cell proliferation [69], and reduction of both inflammation [70] and 

muscular soreness [71], as well as increased muscular performance, resistance to muscle 

fatigue [72], nerve regeneration [73–75], and mitigation of traumatic brain injury [76]. 

Mitochondria, the chief producers of ATP in eukaryotic cells, are generally 

accepted as critical targets of PBM therapy [77]. The leading hypothesis for the origin of 

 

* Reprinted with permission from “Transient absorption spectroscopy to explore cellular pathways to 

photobiomodulation” by S. P. O’Connor, S. M. Powell, J. M. Rickman, N. J. Pope, G. D. Noojin, M. O. 

Scully, M. L. Denton, and V. V. Yakovlev, 2021, J. Photochem. Photobiol. B Biol., 222, 112271, Copyright 

2021 by Elsevier B.V. (Reference [103]) 
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the PBM effect points specifically towards an enzyme complex in the electron transport 

chain (ETC). The absorption profile of Complex IV (C-IV) has several similarities with 

the action spectrum for PBM and has been named the primary photoreceptor for PBM 

therapies [78–83]. However, other ETC proteins, namely Complex III (C-III) and 

cytochrome c (Cyt c), share some of the absorption properties of C-IV, and are often found 

bound together in multimeric supercomplexes. Therefore, it is important to widen the 

focus of PBM research to include C-III and Cyt c as potential targets of PBM therapies. 

The primary role of Cyt c in the ETC is to shuttle electrons between C-III and C-

IV, and in the process, pump protons across the mitochondrial membrane to contribute to 

the electrochemical proton gradient that drives the synthesis of ATP [84,85]. C-III, C-IV, 

and Cyt c are heme-containing proteins. Heme groups are iron-containing porphyrins 

whose absorption spectra are characterized by a strong absorption peak in the Soret band 

(~380 - 500 nm), and weaker absorption peaks in the Q band (~500 - 700 nm) [86]. The 

ability of these proteins to shuttle electrons, in combination with the fact that heme 

proteins are easily characterized by spectroscopic techniques [86], also make C-III, C-IV, 

and Cyt c potential candidates for involvement in PBM. Thus, light-dependent 

perturbations in the electronic transitions of these three photoactive proteins would 

implicate them in the initiation of PBM pathways. 

Light-induced electronic excitations in proteins can be on the order of 

femtoseconds (fs) to picoseconds [87,88], thus requiring the use of a femtosecond laser 

source to obtain the necessary temporal resolution for resolving these dynamics with 

spectroscopy. Ultrafast spectroscopic methods, such as fs transient absorption 
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spectroscopy (TAS) are ideal for studying short-lived photoinduced energy and electron 

transfers, such as those expected at the beginning of the signaling pathways associated 

with PBM. Applying light exposures, consistent with those used in PBM studies to 

individual ETC proteins during TAS data collection, could eliminate or implicate these 

proteins for involvement in the PBM response. 

TAS is a pump-probe spectroscopic technique that can characterize the 

photophysical dynamics of biological and chemical systems. In TAS, if the sample 

contains molecules that absorb photons at the pump wavelength, a single ultrashort pulse 

from the pump promotes a fraction of the chromophore’s electrons into a transient excited 

state. At various delay times relative to the pump pulse [18], a single probe pulse of 

supercontinuum light provides a broadband absorption measurement of the sample. 

Typically, both the pump and probe pulses have durations of about 100 fs. As the time 

delay is varied, and if the transient electronic states have a unique absorption wavelength 

relative to the ground state absorption profile, the method identifies absorption lifetime 

dynamics that are specific to the chromophore and type of photoproduct generated. This 

process is repeated multiple times, changing the time delay each time, until all transients 

have either transferred their energy or decayed back to the ground state. 

To normalize the transient spectra, the pump probe is delivered at one-half the 

frequency of the probe pulses, and those absorption measurements without a preceding 

pump pulse make up the dynamic ground state absorption spectra. In real time with the 

probe pulses, the ground state absorption value (without pump) is subtracted from the 

excited state absorption (with pump pulse preceding) to obtain an absorbance difference 
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(ΔA) at each delay time. Over the course of the measurement, a complete ΔA profile, as a 

function of both wavelength and time delay (ΔA(, t)), is generated. 

Even though there is a generally accepted hypothesis for the PBM process that 

begins with electronic transitions in C-IV [78,80], others have reported the possibility of 

a photophysical mechanism whereby R-NIR light reduces intracellular water viscosity 

[89]. Addressing the question of an electronic excitation mechanism, we have modified 

the TAS method to include a third laser beam incident on the same sample volume 

interrogated by the pump and probe beams. Here, this third beam has wavelength and 

irradiance (W/cm2) dosimetry consistent with those giving rise to release of nitric oxide 

(NO) in retinal pigment epithelial cells in culture [64]. Whether this release of NO is an 

early step in the path to PBM remains unknown, but neither NO release nor PBM effects 

occur immediately upon exposure to light. This implies a delayed metabolic response. 

Thus, when looking for immediate light-induced effects in purified proteins, or even 

isolated mitochondria, we are cautious about calling the applied low-irradiance CW light 

a “PBM light” because this would imply a known down-stream effect. Our new TAS 

configuration allowed us to perform TAS in real time with low-irradiance exposures, 

during the accumulation of radiant exposure. Although TAS has been used to probe the 

excited state dynamics of C-III [90,91], Cyt c [92–94], and C-IV [95], none of these studies 

assessed the effects an additional beam of light in real time with TAS data collection, such 

as R-NIR low-irradiance light. 

In this study, we describe a modified TAS method that combines a 532-nm pump 

beam, a 350-600 nm supercontinuum probe, and an experimental beam of varying 
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continuous wave (CW) irradiances at either 450 nm, 635 nm, or 808 nm to interrogate Cyt 

c in its reduced form. The focus of this study will be on Cyt c because it is a much smaller 

and less challenging protein to work with than C-IV, thus allowing us to establish a proof 

of concept for future studies focusing on C-IV. Because PBM effects at the system level 

require a certain time of exposure, our hypothesis is that capturing successive TAS data 

in real time with the CW laser will capture a time-dependent “switch” in the 

electrodynamics of the purified photoactive proteins that are suspected of being responsive 

to the CW wavelength. In this manner, we also demonstrate that this concomitant CW 

exposure does not degrade or interfere with the TAS signal. We believe the described 

method to be useful in characterizing photoresponsive proteins or enzyme complexes. The 

application of this technique, which we call CW-TAS, to the components of the ETC will 

allow us to identify whether R-NIR low-level light can induce electronic transitions in the 

enzyme complexes implicated in PBM. 

3.2. Methods 

3.2.1. Sample preparation 

Cytochrome c was purchased from Sigma-Aldrich and used without further 

purification. Samples (0.8 mM) of oxidized cytochrome c (Cyt cox) were prepared by 

mixing solid Cyt c in a 25 mM NaPO4, pH 6.3 buffer containing 0.14 M NaCl. To prepare 

samples of the reduced form (Cyt cred), a small amount of solid dithionite was added to the 

solution of Cyt cox. The sample was centrifuged briefly to remove excess solid. The 

oxidation state of all samples was verified by UV-VIS spectroscopy using a Cary 6000i 
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spectrophotometer prior to all TAS experiments. Samples were assayed in a quartz cuvette 

with a 2-mm path length. 

3.2.2. Transient absorption spectrometer setup 

All TAS experiments were performed with a HELIOS Fire (Ultrafast Systems) 

transient absorption spectrometer, and Figure 3.1 displays a schematic of the HELIOS 

system. The pump and probe sources were provided by a Ti:sapphire regenerative 

amplifier (SpitFire Ace, Spectra-Physics) with wavelength centered at 800 nm, pulse 

duration of 80 fs, and repetition rate of 1 kHz. The pump pulses were generated by splitting 

part of the 800-nm source light to an optical parametric amplifier (OPA; TOPAS-Twins, 

Light Conversion), where it was converted to 532-nm light (FWHM ~10 nm) by the 

method discussed in previous studies [54,55]. The pump light traveled through a chopper 

wheel (CW, Fig. 3.1) that reduced the repetition rate to 500 Hz. The pump pulses were 

focused with a converging lens (L1, Fig. 3.1) and directed to be coincident with the probe 

pulses within the sample (S, Fig. 3.1). The probe pulse consisted of a supercontinuum 

(350-600 nm) generated from the fundamental 800-nm pulse incident upon a window of 

CaF2 (W, Fig. 3.1), also having a repetition rate of 1 kHz. After the supercontinuum probe 

was generated, the center of the probe beam passed through a through-hole in the first 

parabolic mirror (PM1, Fig. 3.1) to eliminate the majority of the remaining 800 nm. The 

remaining annular shaped probe continued to the next parabolic mirror (PM2, Fig. 3.1). 

This light passed through an 800-nm notch filter (F, Fig. 3.1) to remove the residual 800 

nm. The second parabolic mirror redirected and focused the probe pulse into the beam 

path of the pump pulse. The foci of the pump and probe pulses converged at the same 
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volume within the sample (S, Fig. 3.1), and the annular shape of the probe beam kept it 

from overlapping with the pump until it reached the sample. After passing through the 

sample, the pump and probe pulses approached the third parabolic mirror (PM3, Fig. 3.1) 

with a through-hole which allowed the pump pulse to pass through and collimated the 

annular-shaped probe pulse.  The final parabolic mirror (PM4, Fig. 3.1) focused the probe 

pulse into the collection fiber (CF, Fig. 3.1). The beam radius of the pump pulse was about 

100 μm at its focal point, as determined by the knife-edge technique [96] assuming a 1/e2 

beam waist. 

 

Figure 3.1 Schematic for the HELIOS Fire fs transient absorption spectrometer. BB 

denotes the beam blocks. CF is the collection fiber connecting to the spectrometer. 

CW is the chopper wheel. F is the 800-nm filter. PM1, PM2, PM3, and PM4 are off-

axis parabolic mirrors. L1 and L2 are converging lenses. ND1, ND2, and ND3 are 

neutral density filters. S is the sample. T is the translation stage. W is the window of 

CaF2. 
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As shown in Figure 3.2, the CaF2 window generated a supercontinuum in the 

ultraviolet to visible (UV-VIS) region. The CaF2 crystal was kept in motion through 

translation to maintain the stability of the supercontinuum output and to prevent damage 

from the incident 800-nm pulses [97]. 

 

 

Figure 3.2 Supercontinuum spectra generated from the CaF2 window. 

 

3.2.3. Low-irradiance CW laser diode setup 

For sample irradiation with low-irradiance CW lasers during TAS scanning, the 

output from one of three laser diodes was coupled into a fiber imaging system (Fig. 3.1) 
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that was mounted in the transient absorption spectrometer. We used CW laser diodes 

(Thorlabs) with wavelengths of 450 nm (blue; CPS450), 635 nm (red; CPS635), or 808 

nm (NIR; CPS808A) that were all interchangeably coupled into a 550-μm diameter fiber 

(M37L02, Thorlabs). The output power of the diodes was controlled with a continuously 

variable neutral density filter (NDL-25C-2, Thorlabs) prior to the coupling of the light into 

the fiber. The fiber output was imaged to the sample with a flat top beam profile having a 

diameter of 0.95 cm, resulting in an area of 0.71 cm2 at the cuvette. The fiber output was 

placed above the pump, probe beam plane, and directed to the cuvette at a shallow angle 

so that the diode light was not collected by the parabolic mirror (PM3, Fig. 3.1) beyond 

the sample. The light from the laser diode illuminations did not affect the ΔA(, t) 

spectrum, as verified through observation of the real time ΔA() spectrum in the HELIOS 

software. 

3.2.4. Testing parameters 

For the TAS procedure, the 532-nm pump wavelength was used with a power of 

15 μW, and the UV-VIS supercontinuum was used for the probe pulse. The pump and 

probe pulse overlap was optimized before the start of each TAS measurement by testing 

with a 0.36 mM Rhodamine 6G in methanol solution and maximizing the signal response 

using the Helios spectrometer. The time delay setup for each scan was programmed to 

take 0.2-ps steps from -2 to 0 ps, 0.05-ps steps from 0 to 3 ps, 0.1-ps steps from 3 to 10 

ps, and 0.5-ps steps from 10 to 50 ps, for a total of 221 time steps. At each time delay step, 

0.5 s of measurement were taken, which resulted in 250 ΔA(, t) measurements averaged 

together at that time delay. The TAS program was set to take a total of 14 contiguous time 
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scans for each replicate of Cyt c tested. The first scan was taken as a baseline and did not 

have any CW laser diode light incident upon the sample. Scans 2-11 were taken with a 

CW diode emitting light onto the Cyt c sample. Scans 12-14 were taken with the CW 

diode turned off to observe changes after the full dosage of irradiation [64]. The total time 

to record 14 scans was 46 min and 36 ± 11 s. The duration of the CW diode exposure 

during scans 2-11 was computed to be 33 min and 17 ± 8 s. A detailed analysis was done 

to determine the number of necessary data sets to be collected in order to have a sufficient 

signal to noise ratio (See Appendix A, section A.1) and it was determined that five sets 

was sufficient. Five CW-TAS data sets were collected with each laser diode at each 

irradiance specified in Table 3.1, with the exception of the red laser diode at 3.20 mW/cm2 

where six sets were collected. The visible CW laser studies were conducted individually 

with an irradiance of either 1.60 or 3.20 mW/cm2. Exposures at 808-nm were at 1.60 

mW/cm2 due to its maximum power constraint of 2.78 mW/cm2. 

 

Table 3.1 Laser diode parameters used for CW-TAS of Cyt c samples. 

 

Laser diode CPS450  CPS635  CPS808A 

Irradiance 

(mW/cm2) 

1.60 3.20 1.60 3.20 1.60 

Total Power (mW) 1.13 2.27 1.13 2.27 1.13 

Radiant Exposure 

(J/cm2) 

3.20 ± 0.01 6.39 ± 0.03 3.20 ± 0.01 6.39 ± 0.03 3.20 ± 0.01 

Total Energy (J) 2.26 ± 0.01 4.53 ± 0.02 2.26 ± 0.01 4.53 ± 0.02 2.26 ± 0.01 
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3.2.5. Data processing and analysis 

Data was collected and exported from the Helios FIRE software and processed in 

Surface Xplorer (version 4.3.0, Ultrafast Systems). Background subtractions were 

performed using the spectra taken at the time delays prior to time-zero. Chirp correction 

was performed for each data set, and the time-zero correction was acquired by fitting the 

coherence spiking near the zero delay time in the surface data. CW data sets were 

processed by averaging together each scan from a replicate sample to the same scan 

number from other replicate data collections. Then, the averaged baseline data were taken 

and compared to the averaged scan number 11, when the maximum amount of CW radiant 

exposure was delivered. Kinetic cross sections were taken at wavelength 374, 415, 430, 

and 570 nm, and the absorption difference kinetics of the full dosage scan was compared 

to the baseline kinetics. 

Kinetic and global analyses were conducted in Surface Xplorer. Kinetic fits were 

computed by the software using a sum of exponential decays convolved with a Gaussian 

instrumentation response function (IRF), as detailed in previous studies [98]. 

𝐶(𝑡) = exp [− (
𝑡 − 𝑡0

𝑡𝑝
)

2

] ∗ ∑ 𝐴𝑖

𝑖

exp [−
𝑡 − 𝑡0

𝜏𝑖
] + 𝐴0   ,   𝑡𝑝 =

𝑤𝐹𝑊𝐻𝑀

2 ln(2)
(3.1) 

Equation 3.1 displays the kinetic model, C(t), as a function of time (t) between the 

pump and probe pulses, where ∗ indicates convolution. In the equation, Ai is the magnitude 

contribution of each exponential decay of time constant (τi), t0 is time-zero, and tp is a fit 

parameter relating to the Gaussian IRF’s full width at half maximum (FWHM) shown as 

wFWHM. Global analysis was performed by first performing principle component analysis 
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on surface data through singular value decomposition (SVD) as detailed in previous 

studies [99]. Equation 3.1 was then used on the selected principal components to acquire 

the time constants. 

3.3. Results 

3.3.1. TAS of reduced cytochrome c 

TAS measures the absorbance of excited state transitions of electrons, so it is 

important to first establish the ground state absorbance of the sample. Figure 3.3 presents 

the ground state absorbance spectra of both reduced and oxidized Cyt c using the Cary 

spectrophotometer. Cyt cox had a strong absorption peak in the Soret band at 409 nm, and 

a single, broad absorption peak in the Q band at 530 nm. The Soret peak for Cyt cred was 

red-shifted with a max at 415 nm, and in the Q band region, there were two peaks at 520 

nm and 550 nm. The 532-nm pump’s bandwidth (FWHM ~10 nm) overlapped with the 

absorption peaks of both reduced and oxidized Cyt c and allowed for the excitation of both 

species. The reduced form of Cyt c was used for all TAS experiments in this study. 

There are two possible changes in TAS data that would indicate light-induced 

electronic transitions had occurred. First is the appearance, disappearance, or a change in 

wavelength-specific absorption of one or more transient species due to the presence of the 

low level light. Second is a modification in decay times for a transient species present in 

the absence of the low-irradiance light. Once a contributing photosensitive protein is 

found, our analysis will provide valuable feedback for optimizing the dosimetry of the 

low-level light, and perhaps for the PBM response in general. From this information, we 
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can further elucidate what underlying molecular processes are stimulated through PBM 

therapies. 

 

 

Figure 3.3 Ground state absorbance spectra for Cyt c in its reduced (red) and 

oxidized (black) states. Inset plot displays a magnified view of the Q band. 

 

TAS data collected for Cyt c in the Soret region using the 532-nm pump is shown 

in Figure 3.4(a). The surface plot displayed positive transients (orange and red colors) at 

374 nm and 429 nm, corresponding to excited state absorptions. More specifically, the 

374-nm signal corresponded to changes in the heme  band and the 429-nm signal 

corresponded to a ferrous five-coordinated heme [100]. The negative transient signal (blue 
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color) at 415 nm corresponded to ground-state bleaching due to greater Soret band 

absorbance by Cyt c (Fig. 3.3). TAS data were also collected for the Q band using the 418-

nm pump (See Appendix A, section A.2, Fig. A.3), which displayed ground-state 

bleaching at around 520 nm and 550 nm. Figure 3.4(b) displays spectral cross sections 

over the Soret and Q bands taken at different time delays with the 532-nm pump scattering 

region not displayed. The ground-state bleaching at 550 nm was partially resolvable with 

the 532-nm excitation, but not addressed further in kinetic analysis due to overlap with the 

532-nm scattering region. Our TAS spectra agree with previous studies reported for 

reduced Cyt c [92–94]. 

 

 

Figure 3.4 Transient absorption spectra of Cyt c with 532-nm excitation at 30 

nJ/pulse displayed as (a) a surface and (b) spectral cross sections at different time 

delays. 
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3.3.2. CW-TAS comparison results – kinetic analysis 

Comparisons between TAS data with and without CW light, made by examining 

kinetic cross sections of the surface data at wavelengths having observed transients, 

indicated no differences. Selection of wavelengths at or around local extrema of peaks 

(transients) and troughs (bleaching) appearing after the coherence spiking near time-zero 

defined the data for comparison. Averaged kinetic data from the 11th scan with CW light 

was best for the comparison because this represented the time of delivery for maximum 

CW radiant exposure. Averaged kinetic data from the samples without CW light exposure 

provided the baseline for comparison with CW exposure. Figure 3.5 displays the 

comparisons of kinetic cross sections without and with 635-nm CW exposure at 3.20 

mW/cm,2 taken at 373.6, 415.1, 429.5, and 569.6 nm. The normalized kinetic cross 

sections between the control data and CW data showed no significant deviation. Similar 

results (data not shown) were observed for the other CW wavelengths and irradiance 

settings listed in Table 3.1. 
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Figure 3.5 Kinetic cross sections of Cyt c TAS data at (a) 373.6 nm, (b) 415.1 nm, (c) 

429.5 nm, and (d) 569.6 nm, displaying the normalized transient response both with 

(red) and without CW (black). Pump power was 30 nJ/pulse, and the CW light was 

from the 635-nm diode at 3.20 mW/cm2. 

 

Surface Xplorer provided kinetic fit for the time constants in each cross section 

shown in Figure 3.5. Table 3.2 provides the compiled time constants, along with their 

uncertainties as computed at the 90% confidence interval. The time constants extracted 

from the data with full dosage CW light did not vary in a statistically significant way from 

the time constants of the data without CW light. This supports the idea that the relaxation 

and transition processes in Cyt c were not changed by the CW dosages used in this study, 
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and this is further explored with more robustness with global analysis techniques (see 

section 3.3.3). 

 

Table 3.2 Kinetic fit results for Cyt c. Control sets were calculated with n = 14, 

whereas CW data sets were calculated with n = 5, except in the case of 635-nm CW 

at 3.2 mW/cm2 where n = 6. 

 

Cross-Section 

Wavelength (nm) 

CW Wavelength 

(nm) 

CW Irradiance 

(mW/cm2) 

τ1 (ps) τ2 (ps) 

373.6 Control #1 - 4.4 ± 0.3 - 

 Control #2 - 4.7 ± 0.5 - 

 450 1.60 4.8 ± 0.5 - 

 450 3.20 4.3 ± 0.4 - 

 635 1.60 3.9 ± 0.6 - 

 635 3.20 4.5 ± 0.3 - 

 808 1.60 4.1 ± 0.4 - 

415.1 Control #1 - 0.22 ± 0.11 5.6 ± 1.2 

 Control #2 - 0.19 ± 0.17 5.4 ± 1.4 

 450 1.60 0.19 ± 0.42 4.8 ± 3.0 

 450 3.20 0.20 ± 0.15 5.6 ± 2.9 

 635 1.60 0.20 ± 0.19 4.8 ± 2.4 

 635 3.20 0.23 ± 0.08 5.2 ± 1.8 

 808 1.60 0.47 ± 0.38 5.4 ± 2.7 

429.5 Control #1 - 0.19 ± 0.09 4.9 ± 0.2 

 Control #2 - 0.19 ± 0.08 4.9 ± 0.2 

 450 1.60 0.19 ± 0.33 5.0 ± 0.2 

 450 3.20 0.20 ± 0.07 4.8 ± 0.2 

 635 1.60 0.21 ± 0.07 5.1 ± 0.2 

 635 3.20 0.20 ± 0.05 5.2 ± 0.1 

 808 1.60 0.20 ± 0.04 5.0 ± 0.2 

579.6 Control #1 - 0.21 ± 0.23 5.9 ± 1.9 

 Control #2 - 0.19 ± 0.23 6.5 ± 2.6 

 450 1.60 0.19 ± 0.17 5.0 ± 1.5 

 450 3.20 0.20 ± 0.10 6.3 ± 1.5 

 635 1.60 0.20 ± 0.31 5.5 ± 3.0 

 635 3.20 0.20 ± 0.22 5.6 ± 2.0 

 808 1.60 0.20 ± 0.16 5.4 ± 1.4 
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3.3.3. CW-TAS comparison results – global analysis 

We used global analysis to fit the time constants of the data sets of Cyt c, both with 

and without CW light exposure. The wavelength range chosen for the analysis was 350-

500 nm. At shorter wavelengths, there was low signal to noise ratio (S/N) due to weak 

probe strength. At longer wavelengths, low S/N was due to pump pulse leakage into the 

detector. After performing SVD analysis on each TAS data set, two principle components 

were determined as significant for obtaining global time constants. For the control data, 

SVD analysis yielded singular values of S1 = 0.9, S2 = 0.4, and Sk ≤ 0.1 for k ≥ 3. Figure 

3.6 displays the first two principle spectra and kinetics. The principle kinetics were fit 

using Equation 3.1 and this resulted in the determination of two decaying exponential 

terms, along with a constant contribution. The time constants acquired from global 

analysis on the control data were 0.25 ± 0.03 ps and 5.1 ± 0.3 ps. The global time constants 

for control and CW data collections are displayed in Table 3.3, along with their 

uncertainties computed at the 90% confidence interval. The time constants extracted using 

the global fitting procedure on the data with full dosage CW light did not vary in a 

statistically significant way from the data without CW light. Hence, the relaxation and 

transition processes associated with these time constants (detailed in the discussion) were 

unaffected by full dosage CW light. 
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Figure 3.6 The two significant (a) spectral components and (b) kinetic components 

from SVD analysis on the control data of Cyt cred with the wavelength range of 350-

500 nm. 

 

 

 

Table 3.3 Global analysis fitting results for reduced Cyt c. Control sets were 

calculated with n = 14, whereas CW data sets were calculated with n = 5, except in 

the case of 635-nm CW at 3.20 mW/cm2 where n = 6. 

 

CW Wavelength 

(nm) 

CW Irradiance 

(mW/cm2) 

τ1 (ps) τ2 (ps) 

Control #1 - 0.25 ± 0.03 5.1 ± 0.3 

Control #2 - 0.26 ± 0.03 5.1 ± 0.4 

450 1.60 0.20 ± 0.11 5.3 ± 0.6 

450 3.20 0.20 ± 0.05 5.0 ± 0.5 

635 1.60 0.25 ± 0.06 5.1 ± 0.5 

635 3.20 0.26 ± 0.03 5.0 ± 0.3 

808 1.60 0.26 ± 0.05 4.9 ± 0.4 
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3.4. Discussion 

3.4.1. Kinetic and global analyses 

In our study, kinetic and global analyses of Cyt c yielded similar results, producing 

two time constants. We took both a kinetic and global analysis approach to analyzing TAS 

data of Cyt c, both without and with concurrent low-level CW light. Although more 

commonly used in pump-probe spectroscopies with a single wavelength probe pulse, 

kinetic analysis techniques can also be used to provide a first glimpse at the kinetic 

processes prior to global analysis. For broadband probe pulses, global analysis techniques 

are widely considered the standard approach for data analysis [98,99]. The longer time 

constant (5.1 ± 0.3 ps) is consistent with previous TAS studies on Cyt c using 532 nm 

excitation [93]. The authors concluded this time constant corresponds to recombination of 

the distal methionine (Met-80) to the porphyrin Fe in the Cyt c active site. The shorter 

time constant (0.25 ± 0.03 ps) is consistent with the shorter relaxation values attributed to 

vibrational relaxation of the heme [92,93]. 

A time constant in the range of 2.5-2.8 ps was reported in previous studies [92,93], 

however, when the number of time constants used in our global analysis was increased, 

our SVD analysis did not resolve an approximately 2.5-ps time constant. In Wang et al., 

the relative contribution of the 2.8-ps time constant is consistently weaker than the 

contributions from other time constants [92]. Additionally, in Negrerie et al., the first SVD 

component is predominantly composed of the 4.8-ps time constant, and dwarfs the 

contribution from the 2.5-ps time constant [93]. Given that the noise level in our data at 

certain wavelengths is not optimal, as shown in Figure 3.5, it is likely that the 2.5-ps time 
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constant could not be resolved due to the noise in the data. Therefore, to determine if the 

2.5-ps time constant is resolvable in our samples, more replicates are needed to increase 

the signal-to-noise ratio (S/N). A longer (16 ps) time constant was also resolved by 

Negrerie et al. [93]. Their study notes that the 16-ps time constant had a minor contribution 

compared to the 4.8-ps time constant, and their extended time window (out to 100 ps of 

time delay) helped them to further resolve the 16-ps time constant. Our analysis likely did 

not resolve the 16-ps time constant because the 16 ps time constant is a weaker 

contribution which requires higher S/N to resolve. 

3.4.2. Effect of CW exposures on Cyt c TAS 

In this study, both TAS and CW-TAS studies were performed on the reduced form 

of Cyt c. The choice of CW wavelength and dosimetry were meant to approximate 

exposures expected to generate PBM-like effects, based on results from previous studies 

[64,101]. In this way, we expected to identify whether Cyt c alone could account for the 

initial photon absorption and electronic state dynamics of PBM. We found that for low-

level CW exposures at 450 nm, 635 nm, and 808 nm we could not distinguish any new 

transients (A) beyond the noise floor in the TAS data. Additionally, we found no 

significant differences in the time constants for any transient signals due to CW 

illumination (Table 3.3). It is likely that the reason that there are no measurable changes 

with the CW exposures is that the ground state absorption for Cyt c is weak at the 

wavelengths selected for the CW exposures. This leads us to eliminate Cyt c as a primary 

target of PBM with a mechanism of electronic transition. Alternatively, our results are 

consistent with a mechanism for PBM that does not require electronic excited states. 
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One limitation to our study was that we only probed the Soret region by using the 

532-nm pump. Although we only did one control experiment to look at the Q band of Cyt 

c (Fig. A.2), it is highly unlikely that probing within the Q band would have changed the 

outcome because any electronic change should affect both the Q and Soret regions [86]. 

Although we did not see an effect of CW light on the excited state dynamics of 

Cyt c, we did show that it is possible to successfully incorporate low-irradiance CW light 

into the Helios system without altering the TAS data. As presented in Tables 3.2 and 3.3, 

there were no statistically significant differences in electronic state dynamics between our 

data sets with and without CW exposures as determined by both kinetic and global 

analyses. Finally, we have established the combined CW-TAS method as a viable method 

for screening proteins, or enzyme complexes, for potential involvement in the electronic 

initiation of PBM by careful choice of CW wavelength and dosimetry. 

3.5. Conclusion 

We have presented a modified method of TAS to include the introduction of 

steady-state CW laser exposure in real time with repeated TAS measurements. The CW 

irradiation did not alter the results of the TAS measurements using the reduced form of 

Cyt c. When using CW wavelengths and dosimetry reasonably expected to induce NO in 

cells, and potentially lead to PBM in animal systems, we were unable to identify electronic 

transients above background levels for Cyt c protein, likely due to the weak absorbance at 

the CW wavelengths utilized in our study. We hypothesize that electronic transitions will 

be induced for protein targets which do have strong absorbance at the selected CW 

wavelength and these targets will be candidates for involvement in the initial step in the 
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PBM process. To underpin our results with CW exposure, our kinetic and global analyses 

produced data consistent with that previously published. The CW-TAS method will 

provide a means for assessing other mitochondrial proteins and enzyme complexes for a 

role in PBM initiation via electronic transition. 
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4. MAMMALIAN COMPLEX III HEME DYNAMICS STUDIED WITH PUMP-

PROBE SPECTROSCOPY AND RED LIGHT ILLUMINATIONS* 

 

4.1. Introduction 

Photobiomodulation (PBM) is the use of low irradiance light in the red to near-

infrared (NIR) wavelength range to generate beneficial biological effects in living cells 

and tissues. Mitochondria, which are the primary organelles involved with ATP 

production for eukaryotic organisms, are generally accepted as the key targets of PBM 

therapy [77]. The leading hypothesis for the origin of the PBM effect within the cell is that 

light modulates the properties associated with the enzyme complexes within the electron 

transport chain (ETC). Notably, complex IV (C-IV) of the ETC has been a protein of 

interest among PBM researchers due to the overlap of its absorption spectrum with that of 

the action spectrum of PBM [78–83]. 

For the purposes of this study, relatively high concentrations of protein are 

necessary, and unfortunately C-IV was not available commercially at a concentration 

higher than 5 mg/mL. In contrast, C-III was commercially available as a lyophilized 

powder, allowing us to easily make high concentration solutions. Recent work from our 

group has suggested C-III activity may be altered by low-intensity NIR exposures [102]. 

 

* Reprinted with permission from “Mammalian complex III heme dynamics studied with pump-probe 

spectroscopy and red light illuminations” by S. P. O’Connor, S. M. Powell, J. M. Rickman, N. J. Pope, G. 

D. Noojin, M. O. Scully, M. L. Denton, and V. V. Yakovlev, 2021, Biomed. Opt. Express, 12(11), 7082-

7091, Copyright 2021 by Optica Publishing Group. (Reference [124]) 
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While it remains unclear if this is a direct effect on C-III, or is due to indirect effects on 

C-IV, this makes C-III an appealing target for further study. 

C-III has been recently studied with the transient absorption spectroscopy (TAS) 

technique [90,91]. TAS is a pump-probe spectroscopic technique that can characterize the 

photophysical dynamics of biological and chemical systems [18]. Though the electronic 

transitions of C-III have previously been studied via TAS, this work was conducted on 

proteins from yeast (Saccharomyces cerevisiae) [90] and photosynthetic bacteria 

(Rhodobacter capsulatus) [91]. TAS characterization of C-III from a mammalian source, 

such as porcine or bovine, has not been previously conducted. Porcine C-III is highly 

similar to human C-III (89.54% identity, vs 55.38% and 40.31% identity for the yeast and 

bacterial C-III respectively) and will be more likely to be predictive of human C-III 

electronic transitions/time constants, and thus more relevant to human PBM exposures. 

Therefore, in this study, we focused our efforts on the TAS characterization of C-III from 

a mammalian source. 

Recently, we developed a new technique combining continuous wave (CW) light 

with TAS, called CW-TAS, for testing samples with light exposures consistent with those 

found to induce PBM effects [103]. The proof of principle for this technique was 

established through testing cytochrome c, the heme protein responsible for mediating the 

electron transfer from C-III to C-IV. No PBM effects were expected when testing with 

cytochrome c, and indeed the TAS data remained intact and unchanged with the addition 

of the CW exposures. To further test the CW-TAS technique and to probe potential PBM 
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effects, the more complicated ETC protein, C-III, was tested in this study to investigate if 

exposures consistent with PBM alter the TAS profile of C-III. 

In the present study, we investigate porcine C-III with TAS and characterize the 

time constants for the oxidized and c1 reduced redox states. This provides the first TAS 

characterization of C-III specifically from a mammalian source, and we compare the 

results to previous studies of yeast and bacterial C-III [90,91]. Additionally, we investigate 

the response of mammalian C-III to irradiances from a CW light source at 635 nm using 

our previously developed CW-TAS methodology [103]. Since PBM greatly affects 

mitochondria and its functions [77] and heme proteins are a central part of oxidative 

phosphorylation, we hypothesize that PBM like changes to C-III will manifest as changes 

to its transient absorption response, such as production of new transient signals, quenching 

of existing signals, or changes in the time constants. We prepare C-III in its partially 

reduced redox state and test it both with and without red CW light exposures during the 

TAS measurement. By comparing the CW irradiated TAS data to the control, the 

measured heme dynamics of C-III can be implicated or eliminated as a mechanism 

underlying the initiation of PBM, leading to a better understanding of the origin of the 

effect. 

4.2. Methods 

4.2.1. Sample preparation 

Complex III from porcine heart was purchased from Sigma-Aldrich (C3381). 

Complex III (12.5 mg/mL) was prepared in 20 mM KHCO3 (237205, Sigma-Aldrich), pH 

8.0 with 20 mM n-dodecyl-β-D-maltoside non-ionic detergent (DDM) (D4641, Sigma-
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Aldrich). To produce reduced samples of complex III, the sample was prepared in a 

cuvette sealed with a septum screwcap with a rubber stopper. The sample was purged 

using gaseous N2 for five minutes. A syringe was then inserted to inject a solution of 

sodium dithionite (157953, Sigma-Aldrich) to reduce the sample. This reduced form of C-

III is referred to in this study as sodium dithionite-treated C-III (SDT-C-III). The oxidation 

state of all samples was verified by UV-VIS spectroscopy using a Cary 6000i 

spectrophotometer prior to all TAS experiments. Samples were assayed in a quartz cuvette 

with a 2-mm path length. 

4.2.2. Transient absorption spectrometer setup 

All TAS experiments were carried out using the HELIOS Fire (Ultrafast systems) 

transient absorption spectrometer described in our previous study [103] (See section 

3.2.2). The pump and probe sources were provided by a Ti:sapphire regenerative amplifier 

(SpitFire Ace, Spectra-Physics) with wavelength centered at 800 nm, pulse duration of 80 

fs, and repetition rate of 1 kHz. The pump pulses were generated by splitting part of the 

800 nm source light to an optical parametric amplifier (OPA; TOPAS-Twins, Light 

Conversion), where it was converted to 418 nm light (FWHM ~8 nm) by the method 

discussed in previous studies [54,55]. The pump light traveled through a chopper wheel 

to reduce the repetition rate to 500 Hz. The beam radius of the pump pulse was determined 

to be about 100 μm at its focal point using the knife-edge technique [96] assuming a 1/e2 

beam waist. The probe pulse consisted of a supercontinuum (430-760 nm) generated from 

the fundamental 800-nm pulse incident upon a sapphire window, also having a repetition 

rate of 1 kHz. Figure 4.1 displays a typical supercontinuum generated for the probe pulse. 
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Figure 4.1 Supercontinuum spectra generated from the sapphire window. 

 

4.2.3. Low-irradiance CW laser diode setup 

Output from a 635 nm laser diode (CPS635, Thorlabs) was coupled into a fiber 

imaging system to provide low-power CW irradiation to the sample during TAS scanning. 

The output power of the diodes was controlled with a continuously variable neutral density 

filter (NDL-25C-2, Thorlabs) prior to coupling into the 550-μm diameter fiber (M37L02, 

Thorlabs). The fiber output was imaged to the sample with a flat top beam profile having 

a diameter of 0.95 cm, resulting in an area of 0.71 cm2 at the cuvette. As detailed 

previously [103], the fiber output was placed above the pump-probe beam plane, and 
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directed to the cuvette at a shallow angle so that the diode light was not collected at the 

collection fiber of the HELIOS Fire. The light from the laser diode illuminations did not 

affect the ΔA(, t) spectrum, as verified through observation of the real time ΔA() 

spectrum in the HELIOS software. 

4.2.4. Testing parameters 

For the TAS procedure, the 418 nm pump wavelength was used with a power of 

100 μW, and the VIS supercontinuum was used for the probe pulse. The pump and probe 

pulse overlap was optimized before the start of each TAS measurement by testing with a 

solution of tetrakis(4-sulfonatophenyl)porphyrin, which is responsive to TAS at our pump 

wavelength [104], and maximizing the signal response using the Helios spectrometer. For 

the oxidized C-III, the time delay setup for each scan was programmed to take 0.2-ps steps 

from -2 to 0 ps, 0.05-ps steps from 0 to 6 ps, 0.2-ps steps from 6 to 25 ps, 1.0-ps steps 

from 25 to 100 ps, and 25-ps steps from 100 to 7500 ps for a total of 401 time steps. At 

each time delay step, 0.5 s of measurement were taken, which resulted in 250 ΔA(, t) 

measurements averaged together at that time delay. TAS tests of oxidized C-III were 

performed without the 635 nm CW exposures, whereas SDT-C-III were performed both 

with and without the CW exposures. 

For the SDT-C-III, the time delay setup for each scan was programmed to take 0.2-

ps steps from -2 to 0 ps, 0.05-ps steps from 0 to 3 ps, 0.1-ps steps from 3 to 10 ps, 0.5-ps 

steps from 10 to 100 ps, and 5-ps steps from 100 to 500 ps for a total of 401 time steps. 

Similar to the oxidized sample, 0.5 s of measurement were also taken at each time delay 

step for SDT-C-III. The TAS program was set to take a total of 9 contiguous time scans 



 

56 

 

for each replicate of SDT-C-III tested. For the collections that involved red light 

irradiances, the first scan was taken as a baseline and did not have any CW laser diode 

light incident upon the sample. Scans 2-6 were taken with the CW diode emitting light 

onto the C-III sample with a power density of 4.7 mW/cm2 at the cuvette. Scans 7-9 were 

taken with the CW diode turned off to observe changes after the full dosage of irradiation 

[64]. The total time to record 9 scans was 55 min and 47 ± 5 s. The duration of the CW 

diode exposure during scans 2-6 was computed to be 30 min and 59 ± 3 s. This resulted 

in an energy density of 8.74 ± 0.02 J/cm2 at the cuvette over scans 2-6. Five replicate data 

collections were performed with CW-TAS and the red CW laser diode. 

4.2.5. Data processing and analysis 

Data was collected and exported from the Helios FIRE software and processed in 

Surface Xplorer (version 4.3.0, Ultrafast Systems). Background subtractions were 

performed using the spectra taken at the time delays prior to time-zero. Chirp correction 

was performed for each data set, and the time-zero correction was acquired by fitting the 

coherence spiking near the zero delay time in the surface data. CW data sets were 

processed by averaging together each scan from a replicate sample to the same scan 

number from other replicate data collections. For data sets without CW exposure, each of 

the scans within the data collection were averaged together. Global analysis techniques 

were used to acquire time constants of the excited state dynamics. 

Global analysis was conducted in Surface Xplorer by first performing principle 

component analysis on the surface data through singular value decomposition (SVD) as 

detailed in previous studies [99]. Time constants were then acquired by fitting the principal 
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components with a sum of exponential decays convolved with a Gaussian instrumentation 

response function [98], displayed in Equation 4.1. 

𝐶(𝑡) = exp [− (
𝑡 − 𝑡0

𝑡𝑝
)

2

] ∗ ∑ 𝐴𝑖

𝑖

exp [−
𝑡 − 𝑡0

𝜏𝑖
] + 𝐴0   ,   𝑡𝑝 =

𝑤𝐹𝑊𝐻𝑀

2 ln(2)
(4.1) 

Equation 4.1 displays the kinetic model, C(t), as a function of time (t) between the 

pump and probe pulses, where ∗ indicates convolution. In the equation, Ai is the magnitude 

contribution of each exponential decay of time constant (τi), t0 is time-zero, A0 is an 

optional constant offset, and tp is a fit parameter relating to the Gaussian IRF’s full width 

at half maximum (FWHM) shown as wFWHM. 

4.3. Results and Discussion 

4.3.1. Absorption spectra of mammalian complex III 

Figure 4.2 presents the ground state absorbance spectra of both oxidized and SDT-

C-III. Oxidized C-III had a strong absorption peak in the Soret band at 407 nm. The Soret 

peak for SDT-C-III was red-shifted with a max at 425 nm, and in the Q band, there were 

peaks at 521 nm and 551 nm. The 418-nm pump’s bandwidth (FWHM ~8 nm) overlapped 

with the Soret absorption peaks of both dithionite-treated and oxidized C-III and allows 

for the excitation of both species. 
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Figure 4.2 Ground state absorbance spectra for C-III measured in its initial oxidized 

state (black) and after sodium dithionite-treatment (red). Inset plot displays a 

magnified view of the Q bands. 

 

For the SDT-C-III in this study, the absorbance peaks at 521 nm and 551 nm were 

indicative of a full reduction of the c1 hemes in the proteins [105]. However, our spectra 

did not display a second pair of sharp absorbance peaks at ~530 nm and ~560 nm, which 

would be an indicator for the full reduction of the b hemes. When further reduction of the 

sample was attempted with higher concentrations of sodium dithionite, the proteins 

formed visible aggregates with no further features in the spectra. However, the 551 nm 

peak did display a shoulder on its right-hand side which would indicate a partial reduction 
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of the b hemes. This partial, and not full, reduction of the b hemes is quite possibly due to 

the relatively high concentration of C-III used in this study, and this has similarly been 

noted in the previous C-III study by Chauvet et al. [90]. We conclude that our dithionite-

treated C-III is in a partially reduced state with fully reduced c1 hemes and a partial 

reduction of the b hemes. 

4.3.2. TAS results of C-III 

Transient absorption surface data was collected for samples of oxidized C-III and 

SDT-C-III and displayed in Figures 4.3(a) and 4.4(a), respectively. For global analysis, 

the surface data was constrained to the time delay range of -1 to 50 ps and wavelength 

range of 455-750 nm. The shortened time range was selected to focus on the shorter 

transients associated with the heme dynamics as opposed to the long-lived transient 

response. The wavelength range was selected to avoid the pump pulse leakage at shorter 

wavelengths and the weak probe strength at higher wavelengths. SVD analysis for 

oxidized C-III yielded singular values of S1 = 0.34, S2 = 0.15, and Sk ≤ 0.07 for k ≥ 3, and 

the first two spectral (Fig. 4.3(c)) and kinetic (Fig. 4.3(d)) components were thus found to 

be significant and used for global analysis. For SDT-C-III, the singular values were found 

to be S1 = 0.26 and Sk ≤ 0.04 for k ≥ 2, and the first spectral (Fig. 4.4(c)) and kinetic (Fig. 

4.4(d)) component was found to be significant and used for global analysis. The principal 

kinetics were fit using Equation 4.1 and for oxidized C-III yielded global time constants 

of t1 = 0.12 ± 0.03 and t2 = 3.3 ± 0.3 while for SDT-C-III yielded values of t1 = 0.09 ± 

0.05, t2 = 0.6 ± 0.1, and t3 = 4.9 ± 0.4. The uncertainty for these values come from the 90% 

confidence interval of the fit. 
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Figure 4.3 Transient absorption spectra of oxidized C-III with 418 nm excitation at 

200 nJ/pulse displayed as (a) a surface and (b) spectral cross sections at the 

constrained time-delay range used for global analysis. Also provided are the first two 

(c) spectral components and (d) kinetic components from SVD analysis. 
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Figure 4.4 Transient absorption spectra of SDT-C-III with 418 nm excitation at 200 

nJ/pulse displayed as (a) a surface and (b) spectral cross sections at the constrained 

time-delay range used for global analysis. Also provided are the first two (c) spectral 

components and (d) kinetic components from SVD analysis. 
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The global time constants for the ~3-7 ps heme dynamics (τHeme) of C-III are 

tabulated in Table 4.1, along with the previously reported values from earlier studies. The 

time constants at this timescale, for the reduced states, have been documented to be the 

recombination time following axial ligand photodissociation [90,91]. For the oxidized 

state, time constants at this scale have been previously attributed to vibrational cooling 

[91,93,106]. The τHeme associated with this study’s porcine SDT-C-III is listed to be in the 

c1 reduced state following the conclusion drawn from its ground state absorption spectra. 

The SDT-C-III τHeme value obtained from our analysis was close to the τHeme value that 

was reported for the bacterial C-III and a little faster than the τHeme value reported for the 

yeast C-III with similar redox states. The oxidized C-III τHeme value was also similar to the 

value reported in the bacterial C-III study. 

 

 

Table 4.1 Global time constant values associated with the heme dynamics (~5-7 ps) 

measured in TAS studies on different redox states of C-III. 

 

Study Source Excitation (nm) Redox state τHeme (ps) 

This work Porcine 418 c1 reduced a 4.9 ± 0.4 

 Porcine 418 oxidized a 3.3 ± 0.3 

Vos et al. [91] Bacterial 570 bc1 fully reduced 6.2 

 Bacterial 520 bc1 fully reduced 6.0 

 Bacterial 520 c1 reduced 4.8 

 Bacterial 520 oxidized 3.1 

Chauvet et al. [90] Yeast 523 c1 reduced 5.4 

 Yeast 523 b reduced b 6.8 
a Analysis was performed with n = 6 scans averaged together for the c1 reduced state and n = 8 scans for the 

oxidized state. Uncertainty was computed at the 90% confidence interval of the fit. 
b Authors estimate that 70% of b hemes were reduced in their preparation. 
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4.3.3. CW-TAS results of C-III with 635 nm light 

Following the characterization of oxidized C-III and SDT-C-III with the standard 

TAS procedure, the CW-TAS procedure was performed on n = 5 replicate samples of 

SDT-C-III. The choice of dosimetry and the 635 nm CW wavelength were meant to 

approximate exposures expected to generate PBM-like effects, based on results from 

previous studies [64]. Following data collection and pre-processing, SVD was performed 

on each of the nine scans of the TAS data taken on SDT-C-III. The wavelength range 

chosen for global analysis was 455-750 nm. The time delay range was selected to be -1 to 

50 ps to focus on the transient responses of 3-7 ps, corresponding to the heme dynamics 

which were characterized previously with TAS. SVD analysis performed on the CW-TAS 

data yielded singular values for each scan number of S1 ≥ 0.22 (to a maximum of 0.30), 

S2 = 0.05, and Sk ≤ 0.03 for k ≥ 3. The first component of the principal kinetics and spectra 

were thus determined to be the most significant and used for comparative analysis among 

scan numbers. 

Global time constants were computed using the first principal kinetic component 

of each scan from the CW irradiated collection, and the time constants τHeme corresponding 

to the ~5-7 ps heme dynamics are tabulated in Table 4.2. The τHeme time constant was 

found to be within the range of 4.7-5.2 ps throughout each of the nine scans. Since the 

time constants did not deviate outside of the overlap of the confidence intervals, we 

conclude that the time constant did not change significantly. Because the τHeme time 

constant remained near the previously obtained SDT-C-III value of 4.9 ± 0.4 ps, and did 

not approach the oxidized C-III value 3.3 ± 0.3 ps, we conclude that the sample remained 
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in the c1 heme reduced state throughout the CW-TAS procedure. Moreover, the b hemes 

were not reduced further in any significant way because the time constants did not shift to 

6-7 ps based on the values from previous studies [90,91] (see Table 4.1). Consequentially, 

this implies that the c1 heme’s ligand photodissociation and recombination process 

remained to be the dominant process observed throughout the CW-TAS procedure, and 

the CW light did not induce a significant shift towards vibrational cooling associated with 

the oxidized state or towards the ligand photodissociation and recombination associated 

with the b hemes. 

 

 

Table 4.2 Global time constants associated with the heme dynamics (~5-7 ps) for 

SDT-C-III during the CW-TAS collection with the red CW diode light. Scans were 

averaged from n = 5 replicate tests, and uncertainty was computed at the 90% 

confidence interval of the fit. 

 

Scan # CW light τHeme (ps) 

1 Off 4.9 ± 0.4 

2 On 4.9 ± 0.4 

3 On 4.9 ± 0.4 

4 On 5.1 ± 0.5 

5 On 5.1 ± 0.5 

6 On 5.2 ± 0.6 

7 Off 4.7 ± 0.4 

8 Off 4.7 ± 0.4 

9 Off 5.2 ± 0.5 
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The first principal spectral component from each of the nine contiguous TAS 

surfaces are displayed in Figure 4.5. For both the control (Fig. 4.5(a)) and CW-irradiated 

(Fig. 4.5(b)), the spectral components did not develop new peaks that would indicate a 

sharp change in redox state. Relative magnitude changes with progressing scan number 

were noted among both collections, such as the relaxation of the minima located ~487 nm 

and the relaxation at the wavelength range 520-580 nm. Because both the control and CW 

irradiated data contained these changes, we conclude that the magnitude shifts in the 

spectra were not the result of a CW induced PBM effect within SDT-C-III and were a 

naturally occurring change in the samples over time. Comparing with previously obtained 

first principal spectra from oxidized C-III (Fig. 4.3(c)) and SDT-C-III (Fig. 4.4(c)), we 

correlate the relaxation as a slight shifting of the SDT-C-III spectra towards the oxidized 

state. Based on these observations, we further conclude that the shifts in magnitude in both 

the control and CW irradiated data were a result of a slight oxidation of the samples over 

time. Since the 635 nm CW light is below the energy of the Q-band absorbance peaks for 

the reduced states of C-III, this selection of CW wavelength was likely too low of energy 

to stimulate measurable PBM-like effects in our study. Future experiments with C-III 

should consider a CW wavelength selected from a 520-560 nm range to overlap with an 

absorbance peak from the reduced c1 or b hemes. 
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Figure 4.5 First principal spectral components from SVD analysis on each of the nine 

TAS surfaces for the (a) control and (b) CW irradiance collections on SDT-C-III. 

 

4.4. Conclusion 

We have presented the first TAS characterization on C-III specifically from a 

mammalian source. For porcine C-III, the time constants were found to be 3.3 ± 0.3 ps for 

vibrational cooling of the oxidized state and 4.9 ± 0.4 ps for rebinding of the 

photodissociated axial ligand of the c1 reduced state. These time constants are in 

agreement with previous results obtained on bacterial C-III by Vos et al. [91]. We found 

that CW-TAS measurements with 635 nm light on SDT-C-III did not induce a change in 

the time constant τHeme, which implied that the sample remained almost entirely in the c1 

reduced state. Based on further analysis of the principal spectra, both with and without 

CW light, SDT-C-III had undergone a slight oxidation over time in both the control and 

CW samples. Thus, the slight oxidation was not directly a result of CW light stimulation 

of the sample. We rule out the possibility of 635 nm CW light at 4.7 mW/cm2 inducing a 

PBM effect on C-III, specifically with the photodissociation of the axial ligand. The 

elimination of this electronic process contributes towards a better understanding of PBM 
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by narrowing down the possible electronic or molecular transitions that could be 

implicated to initiate the PBM effect. 
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5. SPECTRAL RESOLUTION ENHANCEMENT FOR IMPULSIVE STIMULATED 

BRILLOUIN SPECTROSCOPY BY EXPANDING PUMP BEAM GEOMETRY 

 

5.1. Introduction 

Brillouin spectroscopy has emerged as a powerful tool to non-invasively assess 

variations in viscoelastic properties in cells and tissues [107–110]. Many Brillouin 

spectroscopy and microscopy systems utilize the spontaneous Brillouin scattering effect 

[111–113]. Spontaneous Brillouin scattering refers to light which scatters from acoustic 

phonons generated in the medium which were induced by thermal or quantum-mechanical 

zero-point effects [4]. On the other hand, light scattering from acoustic phonons which are 

induced by an applied electric field results in stimulated Brillouin scattering (SBS). SBS 

microscopy was introduced to increase the speed of imaging and to improve spatial 

resolution in imaging applications [114,115]. SBS microscopy does have a limitation of 

continuous scanning of one of the excitation wavelengths which requires time for each 

acquisition. However, this limitation is circumvented with impulsive stimulated Brillouin 

scattering (ISBS) which makes use of the transient grating spectroscopy technique [20]. 

ISBS spectroscopy takes advantage of time-resolved measurements and allows spectral 

measurements to be done in the time-domain for greater stability and reproducibility 

which are often difficult to achieve in spontaneous Brillouin microscopy measurements 

[116]. 

Within recent years, ISBS has been introduced to biomedical applications [23–

25,117,118]. This began when the technique was first applied to flow cytometry studies 
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[117], which demonstrated its capability for measuring vascular-like environments. 

Following this, the concept of ISBS microscopy was introduced with the first ISBS images 

[23]. In this study, ISBS was demonstrated to distinguish between different liquids in a 

partitioned cell as well as image liquids in a narrow spatial geometry in a microfluidic 

device. Shortly thereafter, ISBS microscopy was demonstrated to distinguish between 

hydrogels of differing stiffness and the spatial resolution was improved [24]. 

Towards the development of ISBS microscopy, it is important to consider both the 

spatial and spectral resolution of the system [119]. The spatial resolution for the ISBS 

technique has been improved in recent research where the lateral resolution has 

approached the cellular scale [24]. However, the effects of instrumentation on ISBS 

linewidth in the Fourier domain and improvements to spectral resolution have not been 

previously explored, to the best of our knowledge. The choice of instrumentation has been 

previously shown to cause spectral broadening in the case of spontaneous Brillouin 

imaging [120], which can impact the spectral resolution of the instrument. High spectral 

resolution is essential for Brillouin techniques for resolving subtle changes in the Brillouin 

spectra and for distinguishing between two close elastic responses. Here, we aim to 

provide a first look into improving spectral resolution towards ISBS microscopy. 

In this report, we studied the influence of the initial pump beam geometry on the 

frequency and linewidth of the ISBS signal. The linewidth of the frequency-domain ISBS 

signal was found to be dependent on the initial pump beam diameter. By expanding the 

pump beam and focusing it with a cylindrical lens, the spectral resolution in ISBS 

measurements can be increased allowing for a higher resolvability of two close elastic 
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responses. This paper first presents our ISBS experimental setup along with the sample 

preparation, data processing methodologies, and pump beam variation procedure. We first 

show the effects of spike artifact removal on the ISBS signal symmetry, and we present 

and evaluate our curve-fitting methodology for closely fitting the ISBS signal profile. 

Then, we present the effects of magnifying the pump beam diameter on the ISBS signal 

in the time and frequency domains, and we evaluate the effect on the ISBS frequency and 

linewidth. 

5.2. Methods 

5.2.1. ISBS setup 

ISBS measurements were taken with our experimental setup displayed in Figure 

5.1. Pump pulses were provided by a pulsed fiber laser (wavelength: 532 nm, 1-ns pulse 

duration, GLPR-10, IPG Photonics) which was operated at a 20 kHz repetition rate. A 

fraction of the pump pulse power was split off using the polarizing beam splitter (PBS, 

Fig. 5.1) towards the photodiode (DET10A, Thorlabs; PD, Fig. 5.1) to act as an 

oscilloscope trigger for signal collection. The probe laser was provided by a CW diode 

laser (wavelength: 780 nm, TEC 520, Sacher Lasertechnik) which provided an output 

power of 12 mW. The probe beam was collimated and expanded using a 4f setup upon 

leaving the laser module (f3/f4, Fig. 5.1). 

The pump pulses were focused in the y-direction using a 200-mm cylindrical 

focusing lens (CL, Fig. 5.1), and the probe laser was focused with a 200-mm spherical 

focusing lens. The two beams were combined collinearly using a long-pass dichroic mirror 

(DM, Fig. 5.1) and propagated towards the transmission grating (48 μm grating period; 
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TG, Fig. 5.1) such that both beams focused onto the grating. The ±1st order modes of both 

the pump and probe light were re-imaged with the 4f telescope setup (f5/f6, Fig. 5.1) into 

the sample site (S, Fig. 5.1), and ISBS was thus conducted in the heterodyne configuration 

[121]. Higher order modes (±2, ±3, etc.) along with the 0th order mode were blocked at 

the Fourier plane of the 4f setup. 

 

 

Figure 5.1 Schematic of the ISBS experimental setup. APD – avalanche photodiode, 

CL – cylindrical focusing lens, DM – dichroic mirror, f1/f2 – pump beam expander 

setup, f3/f4 – probe beam expander setup (50mm/75mm lenses), f5/f6 – ISBS 4f 

telescope (150mm/50mm lenses), LP – long-pass filter, ND – neutral density filter, 

NF – 532 nm notch filter, OSC – oscilloscope, PBS – polarizing beam splitter, PD – 

photodiode, S – sample, SL – spherical focusing lens, TG – transmission grating. 

 

For collection, the probe beam was focused with a spherical focusing lens into an 

avalanche photodiode (APD210, MenloSystems), and a long-pass filter as well as a 532 

nm notch filter (NF, Fig. 5.1) were placed before the detector to remove 532 nm light. The 

electrical signal from the avalanche photodiode was then amplified by two low-noise 

amplifiers (ZFL-1000LN+, Mini-Circuits). An RF terminator was also incorporated 

(BTRM-50+, Mini-Circuit) to mitigate signal reflections. The electrical signal was then 
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transferred into an oscilloscope (InfiniiVision DSOX6004A, 6 GHz bandwidth, 20 GSa/s, 

Keysight). 

5.2.2. Sample preparation 

Samples of acetone were prepared in cuvette by pipet from the original bottle with 

no further preparation thereafter. Bio-relevant solutions consisting of citric acid, glycine, 

or sucrose were prepared fresh before procedures in a stock solution of 1 M in distilled 

water. Diluted solutions of the bio-relevant solutions were performed in cuvette with new 

pipet tips, and 1:2 dilutions were performed with distilled water. Dilutions continued until 

a 1:64 dilution of the 1 M stock concentration (corresponding to 1.5625 × 10−2 M) was 

made. Replicate measurements with the bio-relevant solutions were done with newly made 

solutions made fresh before procedure. 

5.2.3. Data collection and processing 

ISBS data was collected at the maximum averaging mode of the oscilloscope 

which was 65,536 acquisitions. For each sample tested, 10 data collections at maximum 

averaging were performed. Since the repetition rate of the laser was set to 20 kHz, 

approximately 3.3 seconds were needed for contiguous measurements to be independent 

of each other. Therefore, data collections were performed with a 4 second delay between 

contiguous collections. 

ISBS data exported from the oscilloscope was processed using a custom-built 

MATLAB script. Firstly, the data was processed in the time domain with a spike filtering 

procedure for samples with a spike artifact at 𝑡 = 0. An average of the data before 𝑡 = 0 
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was taken to find the baseline value for each set, and a neighborhood of 3 points centered 

at the peak of the spike artifact were taken and set to the baseline. 

Data is then transformed into the frequency domain with a fast Fourier transform 

(FFT). For each sample, the 10 contiguous measurements were averaged together in the 

Fourier domain to reduce noise. The script then fits a custom fitting function 𝑉(𝑓), similar 

to a pseudo-Voigt profile, to the Fourier domain data using a sum of a Lorentzian, 

Gaussian, and constant offset displayed in Equation 5.1. 

𝑉(𝑓) =
𝑎1

(𝑓 − 𝑎2)2 + 𝑎3
+ 𝑎4𝑒−𝑎5(𝑓−𝑎6)2

+ 𝑎7 (5.1) 

Here, 𝑓 is frequency, aj with 1 ≤ j ≤ 3 and 4 ≤ j ≤ 6 were the fitting parameters 

associated with the Lorentzian and Gaussian function, respectively, and a7 is the constant 

offset. Contrasting from the standard pseudo-Voigt profile [122], the center frequencies 

of the Lorentzian and Gaussian were allowed to vary slightly to account for observed peak 

asymmetry. For the data taken from the pump beam expansion procedure, the ISBS 

frequency was taken from the maximum value of the profile fit with Equation 5.1. The 

full width at half maximum (FWHM) was taken from the whole profile and used as the 

measure of linewidth and spectral resolution. 

5.2.4. Evaluation of curve-fitting model 

To evaluate the closeness of fit of the custom fitting function 𝑉(𝑓), the fit was 

compared to a Lorentzian fit, a standard model for fitting Brillouin data, displayed in 

Equation 5.2. 

𝐿(𝑓) =
𝑎1

(𝑓 − 𝑎2)2 + 𝑎3
+ 𝑎4 (5.2) 
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Similar to Equation 5.1, f is frequency, aj with 1 ≤ j ≤ 3 are the fitting parameters 

associated with the Lorentzian function, and a4 is the constant offset. For the curve-fitting 

analysis, data was first fit using both models from Equations 5.1 and 5.2. The sum of 

squared residuals (SSR) was then computed for both models, and the closeness of fit for 

𝑉(𝑓) compared to 𝐿(𝑓) was evaluated by taking a ratio of the two SSR values as shown 

in Equation 5.3. 

𝑆𝑆𝑅𝑟𝑎𝑡𝑖𝑜 =
𝑆𝑆𝑅𝐸𝑞𝑛1

𝑆𝑆𝑅𝐸𝑞𝑛2
=

∑ (𝑦𝑗 − 𝑉(𝑓𝑗))
2

𝑗

∑ (𝑦𝑘 − 𝐿(𝑓𝑘))
2

𝑘

(5.3) 

Here, 𝑓𝑗 are the discrete frequency data points for the Fourier data and 𝑦𝑗 are the 

amplitude values at those frequency values. When 𝑆𝑆𝑅𝑟𝑎𝑡𝑖𝑜 < 1, this implies that the SSR 

of the custom fit function is less than the SSR of the Lorentzian fit, and this implies that 

the custom fit would fit the data closer than the Lorentzian fit. The reverse is true when 

𝑆𝑆𝑅𝑟𝑎𝑡𝑖𝑜 > 1, and 𝑆𝑆𝑅𝑟𝑎𝑡𝑖𝑜 = 1 indicates that the test by this metric was inconclusive. 

5.2.5. Pump beam expansion and procedure 

Changes to the pump beam diameter were made with two lenses in the 4f telescope 

setup indicated by f1 and f2 in Figure 5.1. This 4f telescope was constructed with optical 

cage equipment, and the lenses were placed in XY translation mounts in the cage. The 

initial pump beam diameter leaving the laser (𝑑0) was magnified by this telescope to the 

new beam diameter (𝑑𝑝𝑢𝑚𝑝) using the lens configurations presented in Table 5.1. 

To ensure that the pump beam remained aligned after placing the lenses, the 

following procedure was performed for each configuration. Before placing the lenses, a 

collared temporary mirror was placed before the cylindrical lens directing the beam 



 

75 

 

outside the experimental setup towards a second mirror external to the setup. This formed 

a new beam path which was twice the length of the ISBS setup itself. The beam was first 

aligned to the beam path using the temporary mirror and external mirror. The lenses were 

then placed in the f1/f2 telescope, and the translation knobs of the XY mounts were used 

to realign the beam to the external beam path. The temporary mirror was then removed 

allowing the beam to propagate through the ISBS system. 

 

Table 5.1 Lenses used for each configuration and the corresponding pump diameter 

magnification. Positive and negative values correspond to converging and diverging 

lenses, respectively. 

 

Configuration Lens 1 (mm) Lens 2 (mm) dpump/d0 

1 -50 75 3/2 

2 none none 1 

3 75 -50 2/3 

4 100 -50 1/2 

5 150 -50 1/3 

 

 

5.3. Results 

5.3.1. Spike artifact filtering and FFT profile symmetry 

For most samples tested with our system, we observed an artifact in the form of a 

spike at 𝑡 = 0 in the time domain before the acoustic response began. Figure 5.2(a) 

displays an example of the time domain ISBS signal with the spike artifact at 𝑡 = 0 before 

and after the spike removal procedure in data processing. The effect the spike has on the 

peak profile in the frequency domain following Fourier transformation is displayed in 
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Figure 5.2(b) where the FFTs of the two signals are shown. Prior to spike filtering, the 

peak profile typically displays an asymmetry in the form of a raised tail on the left or right 

side, and Figure 5.2(b) depicts an example of the tail artifact appearing on the left side. 

Following spike filtering, the symmetry of the peak profile significantly improved as 

shown in Figure 5.2(b). This peak was found for all samples of bio-relevant solutions and 

distilled water that were tested. We note that the spike was not appreciable in the time 

domain signal for samples of acetone, and we attribute this to the high magnitude of its 

acoustic signal overcoming the magnitude of the spike artifact. 

 

 

Figure 5.2 (a) ISBS signal of the 1 M sucrose solution in the time domain before spike 

filtering (black, offset of +35 mV added for clarity) and after (red). (b) FFTs of the 

same ISBS signals. 

 

5.3.2. ISBS data fitting and results 

Curve-fitting on the frequency-domain ISBS data was conducted using the 

standard Lorentzian fit (Equation 5.2) as well as the custom-fit function (Equation 5.1) for 

each of the prepared aqueous solutions. The ISBS peaks were first fit with the Lorentzian 
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profile, and an example of the fit compared to the data is displayed in Figure 5.3(a). The 

Lorentzian profile was found to fit the peak value well, but the profile was not fit as well 

due to the wings at the base of the profile. Figure 5.3(b) displays the custom-fit applied to 

the same data set. The Gaussian contribution was found to improve the fit at the base of 

the profile. The custom-fit was also found to fit the peak frequency value just as well as 

the Lorentzian fit. 

 

 

Figure 5.3 Curve-fitting results on a sample of 1 M sucrose solution while using the 

(a) Lorentzian fit and (b) the custom fit. Data is shown in black while the curve-fit is 

shown in red. 

 

Following the curve-fitting procedure with the two fitting functions, the goodness 

of fit was evaluated by computing the ratio of their SSR values with Equation 5.3. Figure 

5.4 displays the mean SSRratio values (𝑛 = 5 replicates) computed for each sample at each 

dilution state with the standard deviation used as the error bars. The mean SSRratio values 

for all samples were found to be between 0.575 and 0.696 for these samples. Based on 

how SSRratio was previously defined, the custom-fit function has a smaller SSR value than 
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the Lorentzian fit when the ratio is less than 1. Therefore, the custom-fit function was 

found to fit the data closer than the Lorentzian fit for each solution based on the results 

displayed in Figure 5.4. This is in agreement with the qualitative assessment of the two 

fits from figures such as Figure 5.3. Prior to taking the mean values of each ratio, the 

highest and lowest SSR ratio values were found to be 0.888 and 0.437, respectively. 

Therefore, the custom-fit function provided a closer fitting model for the bio-relevant 

solution data for all replicate measurements of each solution taken for this assessment. 

 

 

Figure 5.4 Bar chart displaying the SSR ratio values for the solutions of citric acid 

(blue), glycine (yellow), and sucrose (green). 
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5.3.3. Effects of initial pump diameter on signal damping and linewidth 

The pump beam diameter was expanded using two lenses before the PBS cube (see 

Fig. 5.1) with the lens choices listed in Table 5.1. Figure 5.5(a) displays the set of 

normalized ISBS signals obtained with acetone for different pump diameters (𝑑𝑝𝑢𝑚𝑝). The 

damping of the ISBS signal was observed to decreased with increasing pump diameter, 

and vice-versa. This pump geometry dependent damping behavior in the time domain has 

been observed in previous ISBS studies involving theoretical simulations [21] and 

experiments with methanol [19]. Both studies concluded that the signal damping 

decreased with increasing pump spot size at the sample, specifically in the x-direction. In 

our setup, increasing the 𝑑𝑝𝑢𝑚𝑝 increases the x-direction spot size at the grating, since our 

setup employs the use of a cylindrical lens to focus the pump in the y-direction (See Figure 

5.1). Therefore, an increased 𝑑𝑝𝑢𝑚𝑝 is imaged by the f5/f6 telescope to a larger x-direction 

spot size at the sample. Since an increase in 𝑑𝑝𝑢𝑚𝑝 resulted in less signal damping in our 

data and corresponds to a larger x-direction spot size at the focus for our setup, we 

conclude that the observed results in Figure 5.5(a) are consistent with the results presented 

in the previous studies. 

Figure 5.5(b) displays the normalized FFTs of the same acetone signals from 

Figure 5.5(a). The linewidth of the signal was observed to consistently decrease with 

increasing pump diameter, and vice-versa. To our knowledge, these results provide the 

first demonstration of ISBS instrumentation affecting the linewidth and subsequently the 

spectral resolution of the ISBS signals in the Fourier domain. These results indicate that 
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the spectral resolution of the peaks can be increased by increasing the pump beam diameter 

following emission from the laser, based on our ISBS setup as given in Figure 5.1. 

 

 

Figure 5.5 (a) Normalized ISBS signals from acetone in the time domain with varying 

pump beam diameters. (b) Normalized FFTs of the same ISBS signals. 

 

The Fourier domain signals for acetone from Figure 5(b) were all fit using 

Equation 5.1, and the FWHM values as a function of the relative beam diameter 

(𝑑𝑝𝑢𝑚𝑝/𝑑0) are displayed in Figure 5.6(a). In addition, the narrowest spectral resolution 

for the current state-of-the-art for ISBS is displayed as a dashed line at 3 MHz [119]. The 

FWHM of the peak appears to decrease in exponential fashion with increasing pump beam 

diameter. At the largest pump diameter 𝑑𝑝𝑢𝑚𝑝 =
3

2
𝑑0, the spectral resolution was found 

to be approximately 2.5 MHz, which improves upon the current state-of-the-art for ISBS. 

In addition, Figure 5.6(b) displays the peak frequency value as a function of the relative 

pump diameter. The peak frequency was found to not change appreciably for the different 
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pump beam diameters. Therefore, we further conclude that the pump diameter can be 

increased or decreased while maintaining the sample’s expected ISBS frequency value. 

 

 

Figure 5.6 (a) FWHM and (b) peak frequencies from the curve-fits used to fit the 

acetone data (n = 3 replicate runs), as a function of the relative pump diameter. The 

dashed line in (a) represents the lower bound for ISBS spectral resolution reported 

previously [119]. 

 

5.4. Discussion 

In a recent assessment of Brillouin techniques [119], the state-of-the-art spectral 

resolution of ISBS was reported to be 3 – 6 MHz. As we demonstrate in our results, pump 

beam expansion can allow for a spectral resolution of less than 3 MHz which is better than 

the currently reported state-of-the-art. Our current setup limitation for expanding the pump 

beam is the dimensions of our polarized beam splitter cube, which is used to control the 

polarization of our pump pulses. The half inch sides limit our ability to further expand the 

pump beam diameter beyond 1.5 times the initial pump diameter. With a PBS cube of 1-

inch sides, we anticipate that the spectral resolution can be further improved while still 

maintaining control of the pump pulse polarization with the given setup configuration. 
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One of the issues that can arise when expanding the pump and probe beams is the 

subsequent expansion of the pump and probe profiles at the Fourier plane of the 4f 

telescope following the transmission grating. This results in a horizontal overlap of the 

pump and probe profiles at the Fourier plane that occurs at both the +1 and -1 diffraction 

modes which would limit the system to strictly the heterodyne detection scheme. From 

our experimental observations, an advantage of using the cylindrical lens to focus the 

pump pulses before the grating is that the pump pulses have a vertical line spatial geometry 

at the Fourier plane which limits its horizontal spread. By applying the use of a cylindrical 

lens to focus both the pump and the probe, the beam geometries can be expanded and the 

vertical spatial geometries at the Fourier plane can allow for separation of the pump and 

probe profiles at the +1 and -1 diffraction modes, allowing for the choice of heterodyne or 

homodyne detection schemes. 

5.5. Conclusion 

We have demonstrated that the instrumentation in ISBS experiments can affect the 

linewidth in the Fourier domain. Expanding the pump beam diameter with our setup 

resulted in a decrease in the ISBS signal linewidth. In addition, we have demonstrated that 

pump diameter variation can produce a Fourier domain signal with sub-3 MHz FWHM, 

which improves upon the current state-of-the-art of ISBS spectral resolution [119]. The 

ISBS peak frequency was not appreciably changed by the different pump diameters. In 

addition to these results on spectral resolution, we also demonstrated the effect of spike 

artifact removal on the ISBS signal symmetry, and we introduced a custom-fitting function 

that can provide a closer fit for the ISBS profile than the Lorentzian fit. By combining 
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these pump shaping methods with the recently reported methodologies for improving 

lateral resolution [24], we believe that ISBS microscopy with high spectral and spatial 

resolution for biomedical applications is possible. 
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6. CONCLUSION 

 

6.1. Summary 

In summary, this work presents the application of different nonlinear spectroscopic 

techniques in many biomedical fields, such as laser-eye safety standards, the origins of 

photobiomodulation, and organ-on-a-chip studies. 

In chapter 2, open-air filamentation using near-IR femtosecond pulses was studied, 

and supercontinuum generation and high harmonic generation was observed in the spectral 

output following the optical filament. We demonstrated that the sub-1000 nm light 

generated following the filament presented an eye-safety hazard according to the ANSI 

standards for Safe Use of Lasers Z136.1-2014 [51]. 

In chapter 3, we introduce a modified TAS system, called CW-TAS, to study 

proteins with TAS while simultaneously applying CW light onto the sample. We 

demonstrated that the electronic processes measured by TAS of the protein reduced 

cytochrome c were not changed or degraded because of the CW light. This both eliminates 

those processes as potential initiators of the PBM effect as well as establishes the proof-

of-principle for CW-TAS as a technique to study PBM effects without degradation of the 

sample or data. 

In chapter 4, we apply the CW-TAS technique to the more complicated protein 

Complex III as well as test with standard TAS methodologies. We present the first TAS 

time constants for redox states of Complex III from specifically a mammalian source, and 

we also demonstrate with CW-TAS that 635 nm light did not have an effect on the 
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electronic transitions probed by TAS. The elimination of these mechanisms leads to a 

better understanding of the origin of the photobiomodulation effect. 

In chapter 5, we investigated the influence of the initial pump beam geometry on 

the frequency and linewidth of ISBS signal. We demonstrated that the linewidth of the 

Fourier domain ISBS signal was found to be dependent on the initial pump beam diameter 

while the frequency remained the same. By expanding the initial pump beam diameter and 

using a cylindrical lens to focus the pump pulses, the spectral resolution of ISBS 

measurements can be improved allowing for higher resolvability of two close signals. 

6.2. Future Work 

While CW-TAS has been introduced as an ultrafast nonlinear technique as a 

possible technique to further study the initiation of the PBM effect, the mechanisms of 

PBM are still not well understood. A potential future direction with this technique would 

be to study Complex IV (C-IV), the protein that is hypothesized to be the central 

photoacceptor for PBM [78,80]. C-IV has been previously characterized with the TAS 

technique where the photodissociation of nitric oxide (NO) (and recombination?) had been 

characterized [95]. One of the main hypotheses for what initiates PBM, the redox 

modulation hypothesis [77], involves the binding and dissociation of NO from C-IV and 

its effect on the activity of C-IV. CW-TAS experiments with either isolated C-IV or C-IV 

in a protein supercomplex may help to further elucidate the effect of CW light on the 

photodissociation of NO from C-IV and the corresponding effect that may have on other 

electronic processes occurring in C-IV. 
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APPENDIX A 

SUPPLEMENTARY MATERIAL FOR CHAPTER 3 

 

A.1. Determining number of replicate scans 

When using CW during TAS data collection, each scan will have undergone a 

different duration of CW illumination. Therefore, averaging each scan number with the 

same scan number from multiple other replicate data collections is necessary, instead of 

averaging together all of the scans in one data collection. Since the signal to noise ratio is 

important for obtaining a good fit for the time constants with low uncertainty, we estimated 

how many replicate data sets were necessary to average a sufficient number of scans 

between collections to reduce the noise sufficiently for fitting the data with the kinetic fit 

equation used in TAS analysis (Equation A.1). 

Δ𝐴𝜆(𝑡) = ∑ 𝐴𝑖

𝑖

exp [−
𝑡 − 𝑡0

𝜏𝑖
] + 𝐴0 (A. 1) 

To estimate the number of data sets needed when using CW illuminations during 

TAS, a data collection with 20 scans was first taken on a sample of reduced cytochrome c 

without CW illumination. Then, a cross section was taken from each of the 20 sets of TAS 

data at the wavelength 430 nm which corresponded to a transient feature in the TAS data.  

The 20 cross sections were then used to compute a series of 20 averaged cross section 

beginning at 1 set and ending at 20 sets averaged together. Kinetic fits using Equation A.1 

with two terms were then computed on each of the averaged cross sections. Then, the sum 
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of squared residuals (SSR) was computed for each set and corresponding fit (Equation 

A.2). 

𝑆𝑆𝑅 = ||𝑟||
2

2
= ∑ (𝐴𝜆,𝑓𝑖𝑡(𝑡𝑖) − 𝐴𝜆,𝑑𝑎𝑡𝑎(𝑡𝑖))

2

𝑖

(A. 2) 

The SSRs were then normalized to the highest norm value and plotted as a function 

of the number of averaged sets. Thresholds were superimposed on the plot (Fig. A.1(c)) 

to indicate where the norm has reduced to below 20% and 10% of the initial value from 1 

scan. 

 

 

Figure A.1 Transient absorption data (black), along with kinetic fitting curves (red) 

according to Equation A.1, at 430 nm for cytochrome c with pump wavelength 418 

nm are displayed with (a) 1 scan averaged together and (b) 20 scans averaged 

together. (c) The SSRs of the fit and data are plotted as a function of the number of 

scans averaged. 

 

Figure A.1 displays an analysis on reduced Cyt c using 20 scans without CW light 

to determine the number of replicate measurements that are needed for CW-TAS. Figure 

A.1(a) and A.1(b) are cross sections taken from reduced Cyt c’s TAS data at the 
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wavelength 430 nm, corresponding to a transient signal, after (a) 1 scan and (b) 20 

averaged scans. For each set of averaged scans from 1-20, a kinetic fit was performed at 

430 nm using Equation A.1 with two terms. The SSR was computed using Equation 3 for 

each number of averaged scans and plotted in Figure A.1(c). Approximately 5 scans were 

necessary to reduce the SSR, with respect to the data, to 20% while 10 scans were needed 

to reduce it below 10%. 

Examining Figure A.1(c), the SSRs as a function of the number of averaged scans 

appeared to follow a decaying exponential trend. When performing this analysis at 

different wavelengths in the TAS data, the number of necessary scans can increase or 

decrease depending on experimental parameters. The intensity of the probe pulse, as well 

as the stability of its intensity, affect the signal to noise of the TAS data and hence the 

number of necessary replicate scans needed. This was necessary to reduce the error in 

fitting routines, such as kinetic analysis and singular value decomposition, which extract 

time constants from the TAS data and can have large standard deviations when the noise 

is significant. 

A.2. TAS of reduced cytochrome c using 418 nm pump 

Methods used to collect TAS data of Cyt c were the same as described in Chapter 

3.2.2 of the main text with a few changes. The pump pulse generated from the 800 nm 

light source was split using an OPA and converted to 418 nm in this case in order to excite 

at the Soret band rather than at the Q band. Additionally, the supercontinuum was 

generated using the sapphire window rather than the CaF2 window, in order to produce a 

supercontinuum that covers the visible (VIS) region as shown in Fig. A.2. 
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Figure A.2 Supercontinuum spectra generated from the Sapphire window. 

 

Figure A.3 displays the resulting TAS data of Cyt c using the 418-nm excitation 

wavelength and the VIS supercontinuum. Twenty-one scans were taken and averaged to 

produce the surface in Fig. A.3(a). Negative transients were observed at 520 and 550 nm 

corresponding to the absorbance peaks in the Q band of Cyt c’s ground state absorption 

spectra (Fig. 3.3), and therefore appear as ground-state bleaching in TAS. Additionally, 

the positive transients, with peaks at ~495 and 575 nm, observed on both sides of the Q 

band bleaching peaks corresponded to excited state absorptions. 

 

Figure A.3 Transient absorption spectra of Cyt c with 418-nm pump at 200 nJ/pulse 

displayed as a (a) surface and (b) spectral cross sections at different time delays. 


