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Professor Yeshaiahu Fainman, Chair 

 
Two-photon microscopy has had an enormous influence on animal studies of in 

vivo brain activity providing a tool for high-resolution imaging in live cortical tissue. Yet, 

the majority of 2-photon imaging studies, as of today, have focused on the top ~500 μm of 

the cerebral cortex due to limited penetration of light into biological tissues. Cerebral 

neurons, however, are wired in circuits spanning the entire cortical depth (~ 1 mm in mice), 

and sampling of activity throughout this depth would be required for reconstruction of 

circuit dynamics. Therefore, increasing the in vivo penetration depth of microscopic 

imaging is at the heart of brain initiative society. In this thesis, we demonstrate that the 

degree of freedom introduced by non-degenerate 2-photon excitation (ND-2PE), using two 
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independently controlled pulsed laser sources of different photon energies, may provide a 

number of advantages over the conventional methods promising deeper penetration with 

higher efficiency of excitation and better signal-to-background ratio in a scattering medium. 

The presence of two laser beams allows:  

1) Tuning the combination of wavelengths to optimize excitation cross-section 

for each fluorophore;  

2) Independent control of power (and polarization) such that an increase in the 

IR power can be used to compensate for the loss of NIR power due to scattering and 

absorption;  

3) Spatial displacement of the two beams to limit the overlap to the focal volume, 

minimizing background excitation;  

All the advantages are validated with our experiments in this thesis. We started with 

investigating the cross section of widely used fluorophores under ND-2PE. The 

experimental results showed the enhancement to the cross-section of ND-2PE in 

comparison with that of D-2PE. An experiment for neuron images in a mouse brain also 

supported the fact that signal enhancement was increased under ND-2PE. Next, we 

demonstrated that ND-2PE can increase maximum excitation depth in a scattering phantom 

by compensating the loss of NIR beam with IR beam. Finally, we demonstrated that the 

out-out-focus excitation in scattering phantom can be reduced by strategically displacing 

two beams. The scheme of side-by-side beams was also applied to in vivo brain images. 
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CHAPTER 1 

 

INTRODUCTION 

 

 
Two-photon microscopy has become a prominent technique in the application of 

brain image because of the features of small excitation volume, low attenuation, and 

background rejection as compared to conventional single-photon microscopy. By using 

two-photon microscopy, the depth of brain images up to few hundred microns could be 

achieved [1]. However, deeper images require high power and good image contrast which 

is limited by the scattering properties in brain tissues. Especially, white matter in brain 

tissues creates a barrier between cortex and hippocampus and this makes excitation of 

fluorophores in hippocampus very difficult [2]. As a result, less power can be delivery into 

the target plane and most of the input power contributes to huge amount of background 

signal. Therefore, many approaches have been proposed to overcome these issues.  

Conventional 2-photon microscopy relies on absorption of two identical energy 

photons (i.e., degenerate 2PE (D-2PE), Fig. 1.1(a)). The light source, usually a pulsed 

femtosecond Ti:Sapphire laser, is tuned within the ~740-1000 nm near infrared (NIR) 

window. For example, 740 nm is used for imaging of nicotinamide adenine dinucleotide 

(NADH) [3,4] and 800-1000 nm for imaging of intravascular dextran-conjugated 

fluorescein isothiocyanate (FITC) [5]. Using even longer excitation wavelengths pushes 

the depth limit further due to an increase in the photon mean free path [6–8]. A recent study 
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using 1280 nm excitation documented imaging of mouse cortical vasculature in vivo down 

to ~1.6 mm [7] approximately reaching the fundamental depth limit in scattering tissue [9]. 

This wavelength, however, lies outside the D-2PE spectrum for most of the fluorophores 

currently used for brain imaging, thus limiting the approach to a handful of optical probes 

with far red emission (e.g., Alexa 680). 

Another strategy to increasing imaging depth is the use of higher-order multiphoton 

excitation. Three-photon imaging relying on absorption of three equal energy photons (i.e., 

degenerate 3-photon excitation (D-3PE), Fig. 1.1(b)) at 1700 nm has been recently 

demonstrated to penetrate down to ~1.3 mm providing images of hippocampal neurons 

expressing red fluorescent protein [2]. Higher-order multiphoton excitation, however, 

suffers from very low absorption efficiency quantified by the 3-photon absorption cross-

section [10,11], resulting in low emitted photon counts thus slowing down image 

acquisition. In addition, low fluorescence intensity is a significant drawback for real-time 

imaging of time resolved biological processes, e.g., neuronal activity. Furthermore, higher 

laser power needed to overcome the low D-3PE cross-section may harm tissue resulting 

from repeated dwelling on the same point as required for imaging of activity over time. 

Finally, deeper subcortical imaging can be achieved using more invasive 

approaches such as microendoscopy [12], by removing the overlaying tissue [13], or with 

technologies that do not rely on optical focusing but at a price of decreased spatial 

resolution [14]. However, compromising the health of tissue or spatial resolution might not 

be an acceptable alternative for most cellular-level neuroscience applications. 

To increase penetration depth, while avoiding low 3-photon excitation cross section, 

we explored ND-2PE – absorption of two photons of different energy [Fig. 1.1(c)]. Non-



  

 3 

degenerate excitation of optical species has a long history in the physical chemistry and 

microscopy communities [15–17]. Lakowicz et al. demonstrated that the fluorescence 

intensity of a sample can be enhanced at least 1000-fold through non-degenerate excitation. 

ND-2PE can have higher excitation cross because of intermediate state resonance 

enhancement (ISRE) [15]. Furthermore, they identified potential resolution gains as a result 

of the difference in spot sizes for each laser source. In addition, Lakowicz et al. proposed 

a method for rejecting background noise by detuning the repetition rate of each light source, 

resulting in beating of the fluorescence, which can be detected using a lock-in amplifier. 

Fu et al. subsequently demonstrated imaging using this repetition rate detuning scheme 

[18]. Cambaliza and Saloma [19], Ibáñez-López et al. [20], Blanca and Saloma [21], Xiao 

et al.[22], Caballero et al.[23], Wang et al. [24] and Deng et al. [25] have computed 

increased axial resolution of ND-2PE over D-2PE using various constructed illumination 

geometries. Kobat et al. [6] demonstrated an increase in axial resolution using ND-2PE via 

side-by-side displacement of the parallel excitation laser beams. Cambaliza and Saloma 

[19], Blanca and Saloma [21], Wang et al. [24] predicted and demonstrated that these 

constructed light techniques suppress background fluorescence generation. Lim and 

Saloma have predicted that error caused by spherical aberration is reduced with ND-2PE 

versus D-2PE [26]. Quentmeier et al. [27,28] demonstrated UV fluorescence lifetime 

measurements using ND-2PE in the visible spectrum, and Robinson et al. [29] 

demonstrated fluorescence lifetime imaging using ND-2PE combining visible and NIR 

wavelengths. Recently, Mahou et al. demonstrated that ND-2PE can be used for 

simultaneous excitation of four different fluorescent proteins in mouse cerebral cortex [30]. 
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For the goal of deep penetration, ND-2PE holds a promise of attaining higher level 

of signals characteristic to D-2PE with deeper penetration typical for longer wavelengths 

of SWIR light. Specifically, we assume that one of the beams is chosen within the most 

“transparent” part of short-wavelength infrared (SWIR) optical window of ~1100-1400 nm 

or ~1600-1900 nm identified in a recent study [2,31]. ND-2PE can place the second beam 

within the ~700-1000 nm NIR wavelength range to supply the required photon energy for 

ND-2PE of visible emission fluorophores (green to red). The NIR beam will experience 

higher losses to scattering limiting the achievable power at the focal spot deep in the tissue. 

However, under ND-2PE, the emitted signal is proportional to the product of the power in 

each beam. Therefore, increasing the SWIR power will compensate for the NIR power due 

to scattering losses.  

Chapter 2 starts with the theory of intermediate state resonance enhancement for 

supporting the enhancement of ND-2PE cross section. Many widely used fluorophores for 

brain images are introduced before we experimentally demonstrate the enhancement of 

ND-2PE cross section with some of these fluorophores. In addition, the ND-2PE system is 

described in details. In our experiments, we characterized beam overlap to ensure the 

accuracy of the measurement for ND-2PE cross section. The experimental results reveal 

the fact that detuning wavelength from the degenerated two-photon wavelength enhances 

the excitation cross section. Furthermore, we observed the signal enhancement from the 

image of eGFP tagged mice brain under ND-2PE and it was consistent with the 

spectroscopy results.  

Chapter 3 presents a study in increased penetration depth with ND-2PE. At the 

beginning, a plot displays the attenuation length at different wavelengths in mice brain. 
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Degenerated two-photon microscopy is operated in a relatively high attenuated region 

while most of the three-photon microscopy is operated at the two transparent windows.  

ND-2PE involves two photons with different photon energies so that by introducing SWIR 

within one of the transparent window, the attenuation length can be effectively increased. 

The effect was demonstrated with our experiments and characterized based on Beer-

Lambert law. 

Chapter 4 investigates the reduction of out-of-focus excitation under ND-2PE with 

displaced beams. Out-of-focus excitation is this fundamental limit of brain image for 

degenerated two-photon microscopy and the phenomenon was elucidated and 

demonstrated in the literatures [9]. In our work, we designed an experiment to quantify the 

signal to background ratio (SBR) under D-2PE and ND-2PE. Afterwards, we examined the 

effects of displaced beams with fluorescent bead sample and demonstrated the ND-2PE 

with displaced beams can mitigate the background excitation. We also investigated the 

reduction of out-focus excitation in eGFP tagged mice brain. 

 

 

Figure. 1.1. Schematic energy diagram demonstrating degenerate and non-degenerate multi-photon 

absorption of a molecule: (a) degenerate 2-photon excitation (D-2PE); (b) degenerate 3-photon excitation 

(D-3PE); and (c) non-degenerate 2-photon excitation (ND-2PE). 
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CHAPTER 2 

 

NON-DEGENERATED TWO PHOTON 

EXCITATION 

 

 
ND-2PE is a process which involves two photons with different photon energies 

while D-2PE involves two photons with identical photon energy. Requirement for both 

mechanisms is the sufficient total photon energy to excite electrons from ground state to 

excited state. Therefore, an arbitrary wavelength combination can be chosen for ND-2PE 

as long as the photon energy fulfills the requirement and this mechanism provides more 

flexibilities in selecting the laser source and fluorophores.  In fact, the detuned wavelength 

increases the excitation cross section due to ISRE. Consequently, ND-2PE generates 

fluorescence more efficiently than D-2PE and D-3PE. However, the price is the relatively 

complex system because the adjustment for the spatial and temporal overlap of two beams 

is necessary.         

2.1 Background 

Degenerate two-photon absorption / excitation (D-2PA/D-2PE) is a nonlinear 

process which involves two photons from the single light source. D-2PA has been attracting 

more attention in the field of silicon photonics, chemistry analysis and biology images in 

these decades [24,32,33]. For the application of biological images, two-photon excitation 

microscopy became a popular technique because of its two features: (1) high resolution 



  

 7 

which origins from the quadric dependence on the pump power (2) great penetration depth 

due to low attenuation at long wavelength. However, this mechanism is a low probability 

process and the short lifetime in the virtual state results in requiring high photon flux to 

excite electrons from ground state to excited state. Many groups have been putting effort 

on improving excitation efficiency by engineering the structure of the molecules [34]. The 

key was to bring the one-photon allowed state closer to the virtual state so that electrons 

life time in the virtual state could be effectively elongated. The phenomenon is based on 

the theory of ISRE although this intuitive explanation is not correct in quantum physics. 

Unfortunately, the modified structures might lead to different optical properties as 

compared with the original molecules and these effects could not be excluded from the 

contribution of cross section enhancement. Joel M. Hales et al. [15] proposed to use two 

different laser sources (pump laser and one supercontinuum source generated from the 

same pump laser) for investigating the enhancement of excitation cross section without 

engineering molecules structure. In their simulations and experiments, the total energy was 

kept constant and the increased excitation cross section directly was resulted from ISRE. 

The improvement in their simulation was underestimated due to the discrepancy between 

excited state calculated from experimental data (single photon absorption measurement) 

and quantum-chemical calculation. However, the experimental results fairly match the 

theoretical predictions as they detuned the photon energy more from half of the bandgap. 

However, the enhancement of the excitation cross section for most of the fluorophores 

widely used in brain images have not been explored and this feature can achieve high 

brightness in images with lower excitation power in real application. Through chapter 2.2.2 

to 2.2.4, the comprehensive analysis of ND-2PE study in fluorescent proteins and synthetic 
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fluorophores is presented. By varying energies of both photons, two-dimensional excitation 

landscapes were created in chapter 2.3. In chapter 2.3, the in vivo imaging in mouse brain 

(eGFP tagged) was also realized and the increase in image brightness was consisted with 

the spectroscopy findings.  

2.2 Materials and Methods 

2.2.1 Fluorophores for Brain Image 

Figure 2.1 shows excitation cross section of many fluorophores for brain images 

with their excitation peaks from 700 nm to 1300 nm [35]. These fluorophores include 

organic, inorganic fluorophores and endogenous fluorescent proteins. While selecting 

fluorophores among different types of fluorophores, one would consider the optical and 

chemical properties such as excitation peak, brightness, photobleaching, and PH range 

sensitivity. Currently, Brain Initiative Community is seeking for synthesized red 

fluorophores with high excitation cross section since the longer excitation and emission 

wavelength can push the penetration length deeper in brain tissues. We would expect that 

there will be few studies in red fluorophores with the excitation wavelength between 1300 

nm and 1500 nm because the excitation wavelength is within strong water absorption band. 

However, if there exists this kind of fluorophores in the future, ND-2PE can solve this 

problem by placing two wavelengths outside strong water absorption region and efficiently 

excite the fluorophores. 
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Figure 2.1: Widely used fluorophores in brain images (Excitation wavelength from 700 nm to 1300 nm) 

2.2.2 Non-degenerated Two Photon Excitation Setup 

We designed a non-degenerated two-photon system for ND-2PE spectroscopy 

shown in Fig. 2.2. Ultrashort pulses were derived from a Ti:Sapphire laser (Coherent 

Chameleon Ultra II, tuned from 740 nm or 870 nm; further referred to as the NIR beam) 

and an optical parametric oscillator (Chameleon Compact OPO, tuned from 1000 nm to 

1400 nm; further referred to as the SWIR beam). According to the tuning range of the laser 

system, the wavelength combinations of ND-2PE have equivalent D-2PE wavelengths 

between 850 nm and 1073 nm. (The tuning range and output power of Chameleon-OPO 

system is shown supplementary materials. The SWIR wavelength from OPO system is 

determined by the optics design and optical properties of nonlinear crystal in the system.) 
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The partial NIR beam was launched into the OPO and generated synchronized SWIR beam. 

A delay line (Thorlabs LTS150) with a resolution of 2 μm, which is temporally equivalent 

to 6.6 fs, was used to temporally overlap the NIR and the SWIR laser pulses. A computer 

code (Matlab) was devised to automate the temporal overlap of the NIR and SWIR pulses 

by scanning the delay line and logging PMT readings at each position. Several lenses and 

mirrors in each optical path were used to adjust spatial overlap of the NIR and SWIR laser 

as indicated in Fig. 2.2. These two laser beams were combined by a dichroic mirror 

(Thorlabs, DMSP 1000) before the detection part. The two overlapping and collinear beams 

were focused by a microscope objective lens (Newport, 5712-A-H 40X) into the sample, 

which also collected the emitted fluorescence signal in epi-illumination. In order to detect 

fluorescence, two dichroic mirrors (Semrock, FF678-Di01-25x36 and FF735-Di01-25x36) 

and a bandpass filter were placed in front of a photomultiplier tube (PMT, Hamamatsu 

R3896) with which the fluorescence was detected. 

To take neuron images in mice brain, we built a homemade microscope by referring 

to [36] (Fig.2.3 and Fig.2.4 (a,b)). In addition to focusing the laser beams, the microscope 

objective lens (Olympus, UMPlanFLN 20X/0.5) was used to collect the emitted 

fluorescence signal in epi-illumination scheme. In order to efficiently collect fluorescence 

signal while taking the images, two dichroic mirrors with 2-inch in diameter (Thorlabs, 

DMLP650L), two achromatic lenses (Thorlabs, AC508-400-A-ML and Edmunds, #48-660) 

and two bandpass filters (Semrock, FF01-550/200-25) were placed in front of the 

photomultiplier tube (PMT, Hamamatsu H11461-01) with which the fluorescence was 

detected. Moreover, a signal amplifier and an electrical low pass filter were added between 

the PMT and the DAQ card to improve the signal to noise ratio. Instead of scanning two 
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laser beams with Galvo mirror system, we translated the sample on three one-dimensional 

translation stages (PI, 110.1DG) with the step size of 40 nm. The fluorescent signal was 

recorded at every position in three axes by synchronizing the encorders of the translation 

stages and the DAQ card output. The entire microscope was enclosed with optical 

enclosures (Thorlabs, XE25C10) to further isolate the system from the ambient noise. 

We characterized spatial overlap of the two beams and the beam size at focal plane 

by using the method described in [37]. In addition, we verified that optimizing the 

fluorescence signal could guarantee good spatial overlap of NIR beam and SWIR beam 

with an experiment described in the supplementary materials. In the experiment, we used 

knife-edge method at three different axial planes after the focal plane and located the center 

of NIR beam and SWIR beam. From this measurement, we also could calculate the spot 

size at focus. 

 

Figure 2.2: Spectroscopy setup of ND-2PE. HWP, half wave plate; DM, dichroic mirror; BE, beam 

expander; PD, photodetector; M, mirror; PMT, photon multiplier tube; BPF, bandpass filter. 

https://www.thorlabs.com/thorproduct.cfm?partnumber=XE25C10
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Figure 2.3: ND-2PE microscope. HWP, half wave plate; DM, dichroic mirror; BE, beam expander; PD, 

photodetector; M, mirror; PMT, photon multiplier tube; PT, Photon taper. 
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(a) 

 
(b) 

Figure 2.4: (a) Layout of the homemade microscope. M, mirror; DM, dichroic mirror; OBJ, 20X 

microscope objective; BPF, band pass filter; PMT, photomultiplier; Amp, signal amplifier (b) Real system 

with a fake mouse. 

2.2.3 Fluorescence Generation with Beam Overlap 

First, we investigated the dependence of the fluorescence signal on the temporal 

alignment [Fig. 2.5(a)] and photon flux of each beam [Figs. 2.5(b,c)] in a transparent 
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medium (500 μM fluorescein in saline). The temporal alignment was optimized by 

scanning the optical delay line, and the fluorescence signal was detected by the PMT. 

Irrespective of the delay line position, we observed a fluorescence signal generated by the 

D-2PE due to the NIR excitation [Fig. 2.5(a), “D-2PE”]. No fluorescence signal was 

generated under D-2PE with the SWIR beam alone because of its insufficient photon 

energy for fluorescein [38]. An increase in the fluorescence signal was detected as the two 

beams overlapped indicating the additive effect of the ND-2PE occurring due to the 

simultaneous absorption of NIR and SWIR photons [Fig. 2.5(a), “D-2PE + ND-2PE”]. This 

additive property indicated that, under our experimental conditions, depletion of the NIR 

beam due to its absorption by the fluorophore in the D-2PE regime was insignificant. For 

the experiments in this section, the NIR beam wavelength was 825 nm and the SWIR 

wavelength was 1315 nm. For spectroscopy measurement in the following sections, we 

swept both wavelengths. 
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Figure 2.5: Experimental demonstration of ND-2PE. (a) dependence of the fluorescence signal on temporal 

alignment; (b) fluorescence intensity dependence on NIR power (SWIR intensity is fixed at 4.16×1023 

photons/cm2s); (c) fluorescence intensity dependence on SWIR power (NIR intensity is fixed at 1.18×1023 

photons/cm2s). 

Next, we examined the dependence of the fluorescence signal on the power of each 

beam [Figs. 2.5(b) and 2.5(c)]. In the absence of SWIR excitation the signal scaled 

quadratically with the NIR power (green curve in Fig. 2.5(b)), which confirms D-2PE of 

the sample with 825nm excitation [39]. With both lasers illuminating the sample, the 
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fluorescence signal increased with an increase in power of each beam. In Fig. 2.5(b) the 

SWIR intensity was held constant and in Fig. 2.5(c) the NIR intensity was held constant. 

By subtracting the D-2PE fluorescence contribution [Figs. 2.5(b,c), green curves] from the 

fluorescence measured with simultaneous degenerate and non-degenerate excitation [Figs. 

2.5(b,c), blue curves] we obtained the ND-2PE fluorescence contribution [Figs. 2.5(b,c), 

red curves]. As expected, the ND-2PE signal increased linearly in both experiments [37]. 

The measured power dependences in Fig. 2.5(c) do not start from zero because of the 

fluorescence due to D-2PE at the fixed NIR power. A cubic dependence of the fluorescence 

intensity with changing SWIR intensity due to 3-photon excitation was not observed due 

to insufficient SWIR power (emphasizing the low efficiency of 3PE compared with ND-

2PE) [40]. Thus, we have confirmed that our choice of NIR and SWIR wavelengths result 

in both D-2PE and ND-2PE of our fluorescein sample. After verifying the power 

dependence of the fluorophore, we analyze and measure ND-2PE cross section in next 

section. 

2.2.4 Non-degenerated Two Photon Excitation Cross Section 

To create a model of the fluorescence generated by the absorption of two photons 

of different energy we begin with the same assumptions as Xu and Webb [38]: we assume 

that there is an absence of stimulated emission, photo-bleaching and saturated absorption. 

Thus, the fluorescence photon flux is 

 𝐹(𝑡) =  𝜙𝜂𝑁𝑎𝑏𝑠 , (1) 

where 𝜙 is the collection efficiency of the optical system, 𝜂 is the fluorescence 

quantum efficiency and 𝑁𝑎𝑏𝑠 is the number of absorbed photons per unit time. We have 
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dropped the factor of one half because the number of absorbed photons contains the non-

degenerate two photon absorption. 

To extend 𝑁𝑎𝑏𝑠 to include non-degenerate absorption, we assume that both the NIR 

and SWIR excitation beams are undepleted for all time and relative pulse delays: 

 𝑁𝑎𝑏𝑠(𝑡) = 𝑁𝑎𝑏𝑠
𝑁𝐷(𝑡, 𝜏) + 1 2⁄  𝑁𝑎𝑏𝑠

𝑁𝐼𝑅(𝑡) + 1 2⁄  𝑁𝑎𝑏𝑠
𝑆𝑊𝐼𝑅(𝑡) , (2) 

where, 𝑁𝑎𝑏𝑠
𝑁𝐷  is the non-degenerate absorption term, and 𝑁𝑎𝑏𝑠

𝑁𝐼𝑅 and 𝑁𝑎𝑏𝑠
𝑆𝑊𝐼𝑅 represent 

the degenerate 2-photon absorption of the NIR and SWIR beams, respectively, and 𝜏 is the 

temporal offset between NIR and SWRI beams. The derivation of the degenerate 

absorption terms proceeds identically to that ref. [38], so the remaining analysis will focus 

on the ND term.  

The number of absorbed photons per unit time in the non-degenerate case is 

 

𝑁𝑎𝑏𝑠
𝑁𝐷(𝑡, 𝜏)

= 4 ∫ 𝑑𝑉 𝜎𝑁𝐷
(2)

(𝜆𝑁𝐼𝑅 ,
𝑉

𝜆𝑆𝑊𝐼𝑅) 𝐶(𝒓, 𝑡) 𝐼𝑁𝐼𝑅(𝒓, 𝑡, 𝜏) 𝐼𝑆𝑊𝐼𝑅(𝒓, 𝑡) , 

(3) 

where 𝜎𝑁𝐷
(2)

 is the non-degenerate 2-photon absorption cross section, 𝜆𝑁𝐼𝑅  and 

𝜆𝑆𝑊𝐼𝑅 are the wavelengths of the NIR and SWIR beams, 𝐶(𝒓, 𝑡) is the temporal and spatial 

dependent distribution of the fluorophore concentration, and 𝐼𝑁𝐼𝑅 and 𝐼𝑆𝑊𝐼𝑅 are the time 

and space dependent photon fluxes of each beam. The factor of four is from the nonlinear 

interaction of two electrical fields (NIR and SWIR beams). Under the assumption that the 

fluorophores are distributed homogeneously and are stable over the course of each 

measurement (in addition to the previously mentioned assumptions) the concentration is 

constant, i.e., 𝐶(𝒓, 𝑡) = 𝐶, and can therefore be removed from the integral: 
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 𝑁𝑎𝑏𝑠
𝑁𝐷(𝑡, 𝜏) = 4𝜎𝑁𝐷

(2)
 𝐶 ∫ 𝑑𝑉 

𝑉

 𝐼𝑁𝐼𝑅(𝒓, 𝑡, 𝜏) 𝐼𝑆𝑊𝐼𝑅(𝒓, 𝑡) . (4) 

Subsequently, we approximate each beam as a Gaussian pulse with a Gaussian 

cross section, in the paraxial approximation, which allows us to separate the temporal and 

spatial components of the photon flux: 

 

 𝐼𝑆𝑊𝐼𝑅(𝒓, 𝑡) = 𝑆𝑆𝑊𝐼𝑅(𝒓)𝑇𝑆𝑊𝐼𝑅(𝑡) , 

 𝐼𝑁𝐼𝑅(𝒓, 𝑡) = 𝑆𝑁𝐼𝑅(𝒓)𝑇𝑁𝐼𝑅(𝑡 − 𝜏) , 
(5) 

where the foci of each beam are assumed to be overlapped in space, and 

 

𝑇(𝑡; 𝜆) = 𝐼0
(𝜆)

exp (
−𝑡2

2Γ𝜆
2) , 

𝑆(𝒓; 𝜆) =  [
𝑤0(𝜆)

𝑤(𝑧; 𝜆)
]

2

exp [−2 (
𝑟

𝑤(𝑧; 𝜆)
)

2

] , 

(6) 

where 𝑟 is the radial distance from optical axis, the beams are assumed to be transform 

limited pulses with peak photon flux density 𝐼0
(𝜆)

 and temporal standard deviation Γ(λ), 

and 

 

𝑤2(𝑧; 𝜆) =  𝑤0
2(𝜆) [1 + (

𝑧

𝑧0(𝜆)
)

2

] , 

𝑧0(𝜆) =
𝜋𝑤0

2(𝜆)

𝜆
 , 𝑤0 =

𝜆

𝜋𝑁𝐴
 

 

(7) 
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where 𝑤0(𝜆)  is the beam waste of the excitation beam of wavelength 𝜆  [39]. 

Inserting these expressions into Eq. (4) and separating the spatial and temporal terms we 

find 

𝑁𝑎𝑏𝑠
𝑁𝐷(𝑡, 𝜏) = 4𝜎𝑁𝐷

(2)
𝐶[𝑇(𝑡; 𝜆𝑆𝑊𝐼𝑅)] ∫ 𝑑𝑉 𝑆(𝑟; 𝜆𝑁𝐼𝑅)𝑆(𝑟; 𝜆𝑆𝑊𝐼𝑅)

𝑉
                          (8) 

By assuming the fluorescence spot size is much smaller than the volume of the fluorophore 

solution and the numerical apertures of each beam are roughly equal, the spatial overlap 

integral evaluates to 

 ∫ 𝑑𝑉 
𝑉

𝑆(𝒓; 𝜆𝑁𝐼𝑅)𝑆(𝒓; 𝜆𝑆𝑊𝐼𝑅) ≈
1

2√2

1

𝜋 𝑁𝐴4

(𝜆𝑁𝐼𝑅𝜆𝑆𝑊𝐼𝑅)2

√𝜆𝑁𝐼𝑅
2 + 𝜆𝑆𝑊𝐼𝑅

2
 , (9) 

where NA is the numerical aperture of the optical system. 

As in [38], we recognize that the signal measured by our fluorescence detector is 

the time averaged photon flux, not the instantaneous photon flux; as a result, we compute 

the time average of Eq. (1): 

 

〈𝐹(𝑡)〉 = 

 
2

√2

𝜙[𝜂 𝜎𝑁𝐷
(2)

] 𝐶

𝜋 𝑁𝐴4

(𝜆𝑁𝐼𝑅𝜆𝑆𝑊𝐼𝑅)2

√𝜆𝑁𝐼𝑅
2 +𝜆𝑆𝑊𝐼𝑅

2
  {𝑓 ∫ 𝑑𝑡′  𝑇(𝑡′; 𝜆𝑆𝑊𝐼𝑅)𝑇(𝑡′ − 𝜏; 𝜆𝑁𝐼𝑅)

1/2𝑓

−1/2𝑓
}  ,                (10) 

 

where 𝑓 is the laser repetition rate and the combined terms 𝜂𝜎𝑁𝐷
(2)

 are called the non-

degenerate action cross section, to distinguish this quantity from the absorption cross 

section. If we assume the pulse width and delay time are much smaller than 1/𝑓, which is 

valid for an 80 MHz femtosecond pulsed laser, we can approximate the limits of this 

integral to be infinite: 
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∫ 𝑑𝑡′ 𝑇(𝑡′; 𝜆𝑆𝑊𝐼𝑅)𝑇(𝑡′ − 𝜏; 𝜆𝑁𝐼𝑅)
1/2𝑓

−1/2𝑓

≈ ∫ 𝑑𝑡′ 𝑇(𝑡′; 𝜆𝑆𝑊𝐼𝑅)𝑇(𝑡′ − 𝜏; 𝜆𝑁𝐼𝑅)
∞

−∞

 . 

(11) 

This expression is equivalent to the temporal convolution of our laser pulses. 

Substituting Eq. (6) into (11) we see that as a function of delay time, we have the 

convolution of two Gaussian functions, which is typically computed by application of the 

convolution theorem: 

 𝑓 ∗ 𝑔 = ℱ−1{ℱ{𝑓} ∙ ℱ{𝑔}} , (12) 

where 𝑓 ∗ 𝑔 denotes the convolution of functions “𝑓” and “𝑔” and ℱ{∙} is the Fourier 

transform. Therefore, the temporal convolution of our Gaussian pulses is 

 

∫ 𝑑𝑡′ 𝐼0
(𝑁𝐼𝑅)

𝐼0
(𝑆𝑊𝐼𝑅)

exp (
−(𝑡′ − 𝜏)2

2Γ𝑁𝐼𝑅
2 )

∞

−∞

exp (
−𝑡′2

2Γ𝑆𝑊𝐼𝑅
2 )

= √2𝜋 𝐼0
(𝑁𝐼𝑅)

𝐼0
(𝑆𝑊𝐼𝑅) Γ𝑁𝐼𝑅 Γ𝑆𝑊𝐼𝑅

Γ𝑥
exp (

−𝜏2

2Γ𝑥
2

) , 

(13) 

where Γ𝑥
2 =  Γ𝐼𝑅

2 + Γ𝑆𝑊𝐼𝑅
2  is the standard deviation of the convolution.  

To complete the derivation, we rewrite the time averaged fluorescence in terms of 

the average laser power. Because we assumed transform limited Gaussian pulses with a 

Gaussian spatial profile, we can write the power in terms of the photon flux 

                                                  〈𝑃𝜆〉 = 𝐼𝑇𝐸𝜆𝑓 (14) 

where 𝐼𝑇 = ∫  𝐼𝜆(𝒓, 𝑡) 𝑑𝑟𝑑𝑡, is the total photon flux, 𝐸𝜆 is the energy per photon, and 𝑓 is 

the number of laser pulses per unit time. Consequently, we obtain the following equation 

for the laser photon flux 
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 𝐼0
(𝜆)

=
2 𝜆 〈𝑃𝜆〉

√2𝜋 Γ 𝑐 ℎ 𝑓 𝜋 𝑤0
2 

=  
√2𝜋 𝑁𝐴2〈𝑃𝜆〉

Γ 𝑐 ℎ 𝑓 𝜆
 , (15) 

where 𝑐 is the speed of light, ℎ is Plank’s constant and 〈𝑃𝜆〉 is the average power as 

measured on a power meter. Therefore, assuming: the fluorophore solution is homogeneous; 

the paraxial beam approximation; an approximately constant numerical aperture; transform 

limited Gaussian pulses; and, undepleted excitation beams, the time averaged photon flux 

as a function of relative pulse delay is 

 

〈𝐹(𝜏)〉𝑁𝐷

≈  
4 √𝜋 𝐶 〈𝑃𝑁𝐼𝑅〉〈𝑃𝑆𝑊𝐼𝑅〉

 𝑓 𝑐2 ℎ2

𝜆𝑁𝐼𝑅𝜆𝑆𝑊𝐼𝑅 

√𝜆𝑁𝐼𝑅
2 + 𝜆𝑆𝑊𝐼𝑅

2

[𝜙 𝜂 𝜎𝑁𝐷
(2)

]

Γ𝑥
 exp (

−𝜏2

2Γ𝑥
2

) . 

(16) 

Furthermore, by recognizing that the total fluorescence, 〈𝐹(𝜏)〉, results not only 

from non-degenerate excitation, but also degenerate excitation, which is constant as a 

function of pulse delay, we can use the baseline offset of the convolution signal to acquire 

the degenerate action cross section as well, i.e., 

〈𝐹(𝜏)〉 =  〈𝐹(𝜏)〉𝑁𝐷 + 〈𝐹〉𝐷 . (17) 

To perform ND-2PE spectroscopy with the above equations, the experimental 

conditions and required parameters are described as the following. The measurement was 

conducted by sweeping the wavelength of NIR beams (from 740 nm to 870 nm) with 

Ti:Sapphire laser and IR beams (from 1000 nm to 1400 nm) with synchronized optical 

parametric oscillator (OPO). Both beams were temporally and spatially aligned and co-

polarized. The step size for wavelength sweep was 10 nm. Based on the recorded average 

power, central wavelength, spectral pulse width, and spot size at each wavelength, the two-
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dimensional ND-2PE spectroscopy can be obtained. The calculation relied on fitting the 

profile of fluorescent signal at different time delay with Eq. (16). In addition, D-2PE 

spectroscopy can be obtained from either individual D-2PE measurement or from the 

fluorescence signal generated by NIR beam in the ND-2PE experiment. To emphasize the 

enhancement of ND-2PE cross section, all the data points in 2D map of ND-2PE 

spectroscopy were normalized by the peak cross section in D-2PE spectrum. All 

measurements were conducted at sufficiently low incident power to avoid photobleaching 

and pump depletion. 

2.3 Results 

ND-2PE spectroscopy of three fluorescent proteins (eGFP, MKO2, and mCerulean) 

and two synthetic dyes (fluorescein and Cumarin) was performed using a setup described 

in Fig. 2.2. The independently measured cross sections 𝜎𝐷
(2)

 (blue curve, left column of Fig. 

2.6) were consistent with the D-2PE measurement extracted from ND-2PE experiment 

(black curve, left column in Fig. 2.6) and the data points of the excitation peaks were used 

for normalizing the ND-2PE cross section (right column in Fig.2.6). The D-2PE spectrum 

extracted from ND-2PE measurement was from 740 nm to 870 nm since only the pump 

wavelengths within this range could generate SWIR beams from our OPO system. The 

right column in Fig 2.6 depicts the normalized 𝜎𝑁𝐷
(2)

 with different wavelength combination. 

The data points in the 2-D map were also converted to the equivalent D-2PE wavelengths 

and were plot as red dots in the left column in Fig 2.6. Along an isocline (a vertical line at 

any wavelength), multiple wavelengths combinations sum up to the same total energy. The 

NIR beam with higher photon energy along isocline gives greater enhancement and this 
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result supports the theory of ISRE. In all the examined cases, we observed enhancement of 

ND-2PE cross section, up to ~1.5 fold (comparison between blue curve and red dots). It is 

noticeable that there exist few discontinued data points in the 2D plot since the OPO system 

produced double-peak pulses at few wavelengths and it led to incorrected curve fitting of 

the fluorescent signal at different time delay. To verify the accuracy of our experiment, we 

compared the D-2PE spectroscopy of two fluorescent proteins with the reported data in the 

literatures which are list in supplementary figures. 
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Figure 2.6: ND-2PE spectrum for fluorophores (fluorescein, Cumarin, eGFP, MKO2, and mCerulean,) 
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eGFP
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To investigate the performance of ND-2PE in the real application, an image 

experiment with an eGFP tagged mouse was conducted. The NIR wavelength and SWIR 

wavelength in this experiment was 740 nm and 1230 nm, respectively and pump laser at 

920 nm was also used to generate D-2PE images for the comparison purpose. Fig. 2.7 (a) 

is the D-2PE image and Fig 2.7 (b) is the ND-2PE image at the depth of 200 𝜇m. Fig. 2.8 

shows the histogram of the fluorescence signal in these images. We calculated the 

excitation photon flux according to the optical parameters mentioned in chapter 2.2.4. By 

pumping the same excitation photon flux onto the neurons, the fluorescent signal was 

enhanced by factor of 1.5 which was close to the spectroscopy measurement. The mount 

system for the mice head is described in supplementary materials. 

 

(a) 

 

(b) 

Figure 2.7: Images of eGFP tagged mice brain under (a) D-2PE (b) ND-2PE 
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Figure 2.8: The histogram of the fluorescence signal under D-2PE and ND-2PE at the depth of 200 𝜇m. 

2.4 Discussion 

The theory of ISRE predicts greater two-photon absorption cross section if one of 

the photon energies is tuned close to the lowest one-photon allowed state. In this work, the 

tuning range was limited by the Chameleon-OPO system so that the significant 

enhancement could not be achieved. Theoretically, it is still possible to pump red 

fluorophores with one beam from Ti:sapphire laser (740 nm to 880 nm) and the other beam 

from the idler output of OPO system (1680 nm to 5000 nm) and these wavelength 

combination can give more enhancement. However, most of the commercial optics do not 

satisfy the requirement of minimum chromatic dispersion and aberration with this wide 

wavelength range. In fact, even if the significant enhancement can be achieved by a laser 

system with arbitrary tuning range, the effect is limited by the attenuation in brain tissues. 

Nevertheless, the enhancement of ND-2PE cross section helps to increase the image 
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brightness and it provides some degrees of freedom in selecting wavelength combination 

from laser source for a specific fluorophore.  

The demonstration of the signal enhancement with eGFP tagged the mouse brain 

supported the spectroscopy results but the experimental condition was not optimized due 

to the degradation of beam overlap from the scattering in the brain tissues. Not only the 

spatial walk-off but also the wave-front distortion deteriorated the beam overlap. This 

implies that it is evitable to apply adaptive optics to our system although it would increase 

the complexity of the system and introduce extra loss. Conventionally, people recorded the 

phase of scattered pump beams and constructed a feedback loop to precompensate phase 

distortion. ND-2PE allows to use the SWIR beam as “guiding star” for correcting the phase 

of NIR beam by optimizing the fluorescence signal and this is a relatively simple system. 

In this experiment, the temporal walk-off due to the chromatic dispersion was a minor issue 

since the beams only penetrated few hundred microns into brain tissues and the effect was 

verified by scanning the optical delay line at different depths. When excitation photons 

penetrate up to one millimeters, the estimated time delay between two pulses are around 

40 femtoseconds if the dispersion is mainly from water.  
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2.5 Supplemental Materials  

Fig. 2.9 shows the turning range of Chameleon-OPO system and the output power 

of the signal from OPO. These two plots are referred to the manual on the website of 

Coherent, Inc. The performance of the system is slightly different for individual lasers. In 

our system, the longest wavelength of NIR beam that can generate signal output from OPO 

was 870 nm.  

 

(a) 

 

(b) 

Figure 2.9: (a)The tuning range of Chameleon-OPO system (b) The power of signal output from OPO 
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In our spectroscopy experiment, we spatially aligned two beams by optimizing 

fluorescence signal with the mirrors and the defocuser in the IR path. After that, we 

temporally aligned two beams with the optical delay line. Iterative adjustments for spatial 

overlap and temporal overlap were conducted until fluorescence signal was maximized. To 

verify that the optimal beam overlap could be guaranteed in this way, we resolved the 

intensity distribution of the NIR beam and IR beam with knife edge method at different 

axial planes. The setup is illustrated in Fig. 2.10 and the NIR wavelength and IR 

wavelength was set to 740 nm and 1230 nm, respectively. The lens was the same lens used 

in the experiments in chapter 2.3. As shown in Fig. 2.11, the intensity of NIR beam and IR 

beam clipped by a blade were measured by a photodetector and we fit the curve with 

standard error function. Table 2.1 summarizes the center position of the NIR beam and IR 

beam and it shows some negligible shifts which is within the experimental error. In addition, 

we also confirmed the axial alignment by profiling the fluorescence signal with an 1-𝜇m 

thick fluorescein sample at different axial positions. The result is plotted in Fig. 2.11. 

 

 

Figure 2.10: Experimental setup for resolving the intensity distribution of NIR beam and IR beam 

Objective Lens

Blade

Collection lens

Photodetector
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Figure 2.11: Intensity distribution of NIR beam (green curve) and IR beam (red curve) at different axial 

planes. 
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Table 2.1: Summary of the center position of the NIR beam and IR beam at different axial planes. 

 Axial positon 1 

Z=41 mm from a 

reference plane 

Axial positon 2 

Z=42 mm from a 

reference plane 

Axial positon 3 

Z=43 mm from a 

reference plane 

740 nm 6.43 mm 6.45 mm 6.52 mm 

1230 nm 6.44 mm 6.50 mm 6.60 mm 

 

 

 

 

Figure 2.12: Fluorescence signal under D-2PE (red curve) and ND-2PE (blue curve) at different axial 

position. 

 

 

 

To ensure our measurement for D-2PE spectroscopy was accurate, we compared 

our D-2PE measurement with the reported data [41] shown in Fig.2.13 (a,b). In our 

experiment we did not measure the absolute excitation cross sections but the relative value 

could be used to compare with the reported data. Fig. 2.14 (c) shows the D-2PE spectrum 

of one fluorescent protein we plan to measure in the future.  
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(a) 

 

(b) 

  

(c) 

Figure 2.13: The D-2PE spectrum for fluorophores reported in the literatures. 
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The preparation of the mice is described as following. A costumer holding and 

cranial window, from either craniotomy or skull thinning, allowing cranial access and 

repeated head immobilization was implanted under general anesthesia prior to imaging. 

The cranial window was covered with a round glass coverslip and sealed with dental acrylic. 

At the beginning, we did a preliminary imaging experiment one to two hours after the 

surgery. It took one to three weeks for mice to recover from the surgery. In order to make 

mice accustomed to long period experiment with head restrain, mice were habituated in 1 

session per day to accept increasingly longer periods: 15-120 min per session. During the 

head restraint, we needed to make sure mice was not overreacting by torqueing the body. 

The head fixation procedure was not painful and trained animals did not show signs of 

distress. They display grooming behavior from time to time and fall asleep in the absence 

of external stimuli. (e.g., air puff to the whiskers.) This type of experiment in awake head 

fixed mice was exercised widely around the world including a number of labs here at UCSD. 

The mount system for mice heads is shown in Fig. 2.14. We put mice on a long 

plate while the head mount was moving with the translation stages. A warming pad was 

inserted between mice and the long plate to keep the body temperature as mice were 

sleeping. Since the scanning distance of the translation stage was less than 1 mm and the 

mice heads were fixed on a solid mount, no drifting of the images was observed. To 

evaluate the drifting in every line scan, we tested the system with 1-𝜇m bead sample. An 

image of perfect circular beads indicated that there was no noticeable jitter from the 

translation stages. 
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Figure 2.14: Mount system for mice heads. 
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CHAPTER 3 

 

INCREASED PENETRATION DEPTH WITH 

NON-DEGENERATED TWO PHOTON 

EXCITATION 

 

 
Two-photon microscopy has been a mature technique in monitoring neuron activity 

and blood vessel in the past few decades but achieving the images in deeper layer is still 

challenging. The penetration depth for most of brain images are limited to several hundred 

microns with commonly used 80-MHz laser since the pump power greatly attenuated in 

brain tissues and thus the generated fluorescence signal could be too low for the detection. 

In addition to improving the collection efficiency of the system with hardware design and 

selecting the fluorophores with high excitation cross sections, managing to deliver more 

ballistic light into the deep layer can achieve better image contrast. 

3.1 Background 

As the discussion in the previous chapter, several groups have been working on 

maximizing excitation cross section by manipulating molecular structures in order to 

efficiently generate fluorescence signal and increase the penetration depth [42]. On the 

other hand, since the fluorescence signal generated under D-2PE is quadratically dependent 

on the photon flux, using pump laser with high peak power is an alternative way to yield 
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strong excitation. Reducing the repetition rate squeezes more energy into one pulse which 

ideally improves the excitation efficiency. However, taking images at low repetition rate 

would decrease frame rate since the system requires longer integration time. One approach 

to effectively increase repetition rate and maintain high pulse energy is to interleave few 

channels of pluses at low repetition rate [9]. Unfortunately, ensuring the stability of the 

pulse train and reducing the complexity of entire system are not trivial tasks. Another way 

to obtain laser with high peak power is to compress pulse width, but narrow pulse is usually 

accompanied with chromatic dispersion and wavefront distortion as laser beam propagates 

through the optics. Both mechanisms would affect the performance of signal generation. 

Although these issues could be mitigated or compensated with additional optics, it also 

increases the complexity of the system and induces more loss in the system. Regardless of 

dispersion and distortion from particular optics in the system, it is difficult to deal with 

inhomogeneous structures in brain tissues without preprocessing and characterizing optical 

properties of brain tissues. These phenomena indeed happen to hundred-femtosecond pulse 

lasers but shorter pulse aggravates experimental conditions. In addition, unlimitedly 

compressing pulse width eventually decreases excitation efficiency when the spectral 

bandwidth becomes wider than the excitation bandwidth. More straightforward method is 

to increase average power of pump laser but more heat would be induced on tissue surface 

and damage brain tissues [43]. Since the key is to deliver more power into deep layers, a 

better solution is to reduce the attenuation. The mean free path based on the scattering 

parameters of brain tissues increases with wavelength so that laser beams at longer 

wavelengths generally penetrate deeper into brain tissues. Water absorption also plays an 

important role in attenuation. Considering both mechanisms, there are two transparent 
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windows for pump wavelength in the application of brain images (Fig.3.1) [44]. Moreover, 

pumping fluorophores at long wavelength usually emits the reddish fluorescence which 

experiences less scattering in collection path even though the resolution under D-2PE is 

slightly worse. Recently, the imaging of mouse cortical vasculature in vivo down to ~1.6 

mm was recorded with pump wavelength at 1280 nm [7]. In this work, we propose that 

ND-2PE effectively increases the penetration depth in the scattering phantom. ND-2PE 

involves two photons with different photon energies so low energy photon (longer 

wavelength) can be used to compensate the loss of high energy photon (shorter wavelength).  

 

Figure 3.1: The attenuation length at different wavelength in brain tissues. 
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3.2 Increased penetration depth with non-degenerated two photon 

excitation 

3.2.1 Sample Prepartion and Characterization Setup 

In order to demonstrate that ND-2PE increases the attenuation length by 

introducing additional IR beam, we designed the scattering phantom for the experiment. 

To emulate the scattering properties of biological tissue we used intralipid (Hospira 

Liposyn II 10%) diluted in distilled water with varying concentrations. The intralipid 

concentrations in our experiment were 0.5%, 0.75%, 1%, 1.5%, and 2% by volume. 

Specifically, 1% intralipid in water (by volume) has been used as a standard phantom for 

studies of light penetration in brain tissue [45,46]. The sample, consisting of 500 μM 

fluorescein in a glass capillary, was submerged in a cuvette with intralipid solution. With 

the sample held in place, the intralipid cuvette was scanned along the axial direction such 

that the excitation lasers had to propagate through ever increasing path lengths within the 

scattering medium. The fluorescence intensity was measured as a function of depth within 

the intralipid. Instead of applying epi-illumination scheme, the fluorescence signal was 

collected from the side of the cuvette at 90 degrees relative to the excitation using a second 

objective. The whole setup is depicted in Fig. 3.2. Since the sample remained stationary, 

the distance between the fluorescein capillary and both microscope objectives were held 

constant for all data points, and the path length that the emitted light had to propagate 

through the scattering medium on its way to the detector also remained constant. With this 

collection scheme, the fluorescence attenuation remains constant for each data point. Thus, 

any change in fluorescence intensity resulted purely from attenuation of the excitation 
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SWIR and NIR beams on the way to the sample. In this experiment, the SWIR and NIR 

wavelength was chosen to be 825 nm and 1315 nm, respectively. To verify that both beams 

focused to the same focal plane, the same alignment optimization methods described in 

chapter 2 were applied at every depth. The excitation intensity of the NIR and SWIR beams 

were chosen such that the fluorescence signal of D-2PE and ND-2PE was the same entering 

the intralipid (i.e., zero depth). At every depth, fifty data points were collected, and from 

these the average fluorescence signal and its standard deviation around the mean were 

tabulated.  

 

Figure 3.2: Experimental setup for demonstration of penetration depth of D-2PE and ND-2PE. HWP, half 

wave plate; DM, dichroic mirror; FS, fluorescent sample; OBJ 1, 40X microscope objective; OBJ 2, 20X 

microscope objective; BPF, band pass filter; PMT, photomultiplier. The arrow indicated the direction of 

movement of the cuvette. 

For every combination of intralipid concentration, the data demonstrated a decay in 

the fluorescence intensity as a function of increasing depth, i.e., the distance that the 

excitation beams had to propagate through the scattering medium (Fig. 3.3 (a-e)). To 
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quantify the attenuation, we modelled this process as a Beer-Lambert Law type decay of 

the excitation intensity: 

𝐼𝑁𝐼𝑅(𝑧) = 𝐼𝑁𝐼𝑅(0) exp (
−𝑧

𝛼𝑁𝐼𝑅
)                                         (18) 

𝐼𝑆𝑊𝐼𝑅(𝑧) = 𝐼𝑆𝑊𝐼𝑅(0) exp (
−𝑧

𝛼𝑆𝑊𝐼𝑅
)                                   (19) 

Here z is depth, NIR and SWIR is the attenuation length of the NIR and SWIR 

beams, respectively, and I(0) is the laser intensity entering the intralipid. Substituting these 

equations into the appropriate expressions for the fluorescence intensity we find 

                   𝐼𝐷2𝑃𝐸(𝑧) = 𝐴𝐷𝐼𝑁𝐼𝑅
2 (0)exp (

−2𝑧

𝛼𝑁𝐼𝑅
)                                                   (20) 

                    𝐼𝑁𝐷2𝑃𝐸(𝑧) = 𝐴𝑁𝐷𝐼𝑁𝐼𝑅(0)𝐼𝑆𝑊𝐼𝑅(0)exp [−z(
1

𝛼𝑁𝐼𝑅
+

1

𝛼𝑆𝑊𝐼𝑅
)]             (21) 

where A is a constant which contains absorption cross section, collection efficiency, 

fluorophore concentration and fluorescence quantum efficiency. 

3.2.2 Demonstration of The Increased Penetration Depth with ND-2PE  

To extract attenuation length of ND-2PE and D-2PE, we first normalized the 

fluorescence curves to expresses fluorescence relative to its values at zero depth (Fig. 3.3(a-

e)). We then fit each curve with Eq. (20) and Eq. (21) for D-2PE (blue dots) and ND-2PE 

(green dots), respectively. The resulting attenuation lengths for D-2PE and ND-2PE, as 

well as that of each laser, are plotted as a function of intralipid concentration in Fig.3.3(f). 

For 1% intralipid, we find 50% improvement in the attenuation length of ND-2PE (235 ± 

0.8 µm) relative to that of D-2PE (156 ± 0.5 µm). In Fig.3.3 (a-e), only the signals above 

the noise level were used to fit exponential function although we measured several points 

below the threshold. 
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Figure 3.3: Relative fluorescence intensity as a function of sample depth within varying concentrations of 

intralipid: (a) 0.5 %, (b) 0.75%, (c) 1%, (d) 1.5 % and (e) 2%. (f) Attenuation length as a function of 

intralipid concentrations. 

The spectroscopy measurement in chapter 2.3 shows that, with our choice of the 

NIR and SWIR wavelengths, the excitation cross-section for ND-2PE in the transparent 
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medium is lower than that for D-2PE. However, we anticipated that the efficiency of ND-

2PE will be higher compared to that of D-2PE in the scattering medium, due to longer 

attenuation length of ND-2PE (Fig. 3.3 (f)). To investigate this hypothesis, we began with 

a theoretical calculation. We modeled the beam attenuation with the Beer-Lambert law 

using the attenuation length of D-2PE and ND-2PE from Fig. 3.3(f). In order to reveal the 

effect of ND-2PE, for simplicity, the photon flux of the NIR and SWIR beams were set to 

be equal for the D-2PE and ND-2PE before entering the scattering medium. The 

fluorescence signal in the simulation was normalized to the fluorescence signal of D-2PE 

at the entrance to the scattering medium (i.e., zero depth). The calculated result is shown 

in Fig. 3.4, where the blue and green curves represent the fluorescence intensity resulting 

from D-2PE and ND-2PE, respectively. Within about one attenuation length of the NIR 

beam, the lower fluorescence signal of ND-2PE is a result of its lower excitation cross-

section (chapter 2.3). Past this point, the advantage of ND-2PE becomes clear. Since the 

fluorescence intensity depends quadrically on the intensity of the NIR beam, which 

experiences higher scattering, the ND-2PE signal begins to exceed that of D-2PE. This is 

because the SWIR beam is attenuated less during propagation in the scattering medium. At 

a depth of 700 𝜇m, where the lowest D-2PE signal could be detected experimentally in Ref. 

[2], the D-2PE signal drops by ~19.34 dB (the red dotted line in Fig. 3.4). For the ND-2PE 

case, however, the same loss is calculated to occur at 910 𝜇m indicating ~210-𝜇m 

enhancement of the penetration depth.   
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Figure 3.4: Simulation of the fluorescence intensity under D-2PE (blue) and ND-2PE (green) as a function 

of depth in the scattering medium. 

3.2.3 Experimental Validation of Penetration Depth Increase via ND-2PE 

To experimentally validate the theoretical analysis in chapter 3.2.2, we returned our 

setup to the original epi-illumination configuration depicted in Fig. 2.2. Measurements 

were performed with a fluorescein sample in 1% intralipid. The sample was submerged at 

varying depths in the intralipid. We started this experiment at depth zero with the NIR 

beam alone (D-2PE). The power of the NIR beam was increased with an increasing depth 

to maintain the 3dB SNR of the signal at the detector. This process was continued until the 

NIR power was exhausted, which set the excitation depth limit for D-2PE. For greater 

depths, we kept the NIR power at the maximum and introduced the SWIR beam to produce 

ND-2PE in addition to D-2PE. The power of the SWIR beam was increased with increasing 

depth to maintain the 3dB SNR of the signal at the detector. This continued until the 

available SWIR power was exhausted. 

The results of this experiment are presented in Fig. 3.5. With our particular optical 

setup, we could maintain the 3dB SNR down to ~550 𝜇m within the intralipid with D-
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2PE alone. With the combination of D-2PE and ND-2PE we surpassed this barrier - 

increasing the maximum excitation depth to ~750 𝜇m. Thus, under our specific 

conditions and target SNR, we achieved a ~200 𝜇m increase in the excitation depth. We 

expect that with a more optimal choice of the excitation wavelengths and objectives, an 

even greater increase in penetration depth can be achieved. 

 

 

Figure 3.5: Experimental demonstration that ND-2PE can excite fluorescence at greater depth. 

3.4 Discussion 

In this experiment, we operated the laser at two specific wavelengths since the 

chosen SWIR wavelength has long attenuation length in the first transparent window and 

the OPO system gave maximum output power when NIR wavelength was set to 825 nm. 

In this experiment we chose fluorescein as the sample for investigating the increased 

attenuation length by introducing SWIR beam. However, the ideal samples are red 

fluorophores with D-2PE peak around 1013 nm which is the equivalent D-2PE wavelength 

of the chosen wavelength combination. In fact, not only one beam from ND-2PE can help 
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to increase the penetration depth. Recently, Brain Initiative Community is seeking for red 

fluorophores for deep image. If the excitation peaks of fluorophores will be extended to 

strong water absorption band (eg. excitation wavelength between 1300 nm and 1550 nm), 

ND-2PE can overcome this inherent problem by placing two wavelengths at the two 

transparent windows. Therefore, a significant improvement in attenuation length of brain 

images can be expected. 

In chapter 3.2.2, we demonstrated that ND-2PE provided greater penetration depth 

in the scattering medium. Increasing the SWIR photon flux helped to compensate for the 

scattered loss of the NIR beam. Ultimately, this effect is limited by wavelength-specific 

tolerance of the tissue for laser power in the application of brain images. Further studies 

will be required to determine the optimal wavelength combination with proper pump power 

for achieving the maximum fluorescence signal without tissue damage. In our experiments, 

we did not optimize the spatial overlap as considering the wavefront distortion and spatial 

walk-off for two laser beams. Regardless of these issues, ND-2PE still provided longer 

penetration depth since SWIR beam delivered more power into the scattering phantom and 

suffered from less wavefront distortion. This feature was an evidence that SWIR beam can 

be used as a “guiding star” for wavefront correction of NIR beam as we discuss in chapter 

2.  
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3.5 Supplementary Materials 

In addition to the simulation for attenuation length at different wavelength shown 

in chapter 3.1, Robert Alfano’ group [31] verified the attenuation properties of brain slices 

with different thickness. Two transparent windows became more obvious when the 

thickness of the brain tissue slice was increased (Fig. 3.6).  

 

Figure 3.6: The transmission of brain tissue with different thickness. 

Acknowledgments 

Chapter 3 covers the materials from "Non-degenerate 2-photon excitation in 

scattering medium for fluorescence microscopy" by Mu-Han Yang, Maxim Abashin, 

Payam Saisan, Peifan Tian, Chris Ferri, Anna Devor, and Yeshaiahu Fainman, which was 

published in Optics Express. The dissertation author was the primary investigator and 

author of this paper. 

 

[Shi et al. 2016]



  

 48 

CHAPTER 4 

 

REDUCTION OF OUT-OF-FOCUS 

EXCITATION 

 

 
Plenty of works having been focusing on achieving deep brain image by increasing 

peak power, reducing power loss, or enhancing excitation cross section as the discussion 

in the previous chapters. However, recording neuron activity in deeper layer is eventually 

limited by out-of-focus excitation because of the degradation of signal to background ratio 

(SBR) when more power is applied to overcome the attenuation [47]. Especially, high 

scattering property in white matter results in less excitation photons reaching hippocampus 

and inducing strong backscattered fluorescence. This effect dominates the penetration 

depth in brain images. In our work, we avoided the background signal by separating two 

beams until they reached the focal plane. 

4.1 Background 

Out-of-focus excitation is the fundamental limit in image depth for degenerated 

multi-photon microscopy because SBR can not be improved by simply increasing the pump 

power. The reason is that the increased pump power is also accompanied with the 

enhancement of out-of-focus excitation. For some early studies which were operated with 

commonly used 80-MHz laser, the constrain of image depth was the maximum output 

power. However, Patrick Theer and Winfried Denk [9] numerically and experimentally 
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demonstrated that even without power limit, the penetration depth of degenerated two-

photon microscopy is determined by the out-of-focus excitation. Fig. 4.1 shows their 

simulation for fluorescence generated under D-2PE at different depths. They used 0.9 as 

the isotropic parameter to evaluate the fluorescence generated in brain tissues. Fig 4.1 

shows that the background signal can be generated from ballistic photons and scattered 

photons individually and the interaction between these two types of scattered photons. In 

their simulation, the temporal overlap for the scattered photons was also taken into 

accounted. Fig. 4.1 reveals the fact that most of the background noise is generated near the 

sample surface where the collection efficiency is better than that of signal emitted from the 

sample plane. Fig. 4.2 experimentally demonstrates that out-of-focus excitation limits the 

penetration depth in the beads sample which mimic real brain tissues. Although the pulse 

energy in their experiment was as high as 3 𝜇J, they could not achieve a good image 

contrast at the depth beyond 1.4 mm.  

Consequently, more and more techniques have been developed to solve this issue. 

Exploring red fluorophores not only reduces the power loss but also mitigates the out-of-

focus excitation since the applicable pump wavelengths locate in optical transparent 

windows of brain tissue (~1300-1400 nm or ~1600-1900 nm) and less scattered photons 

produce the out-of-focus fluorescence [2,31]. Three-photon microscopy is an alternative 

technique to obtain a descent SBR because of the properties of the tight excitation volume 

and therefore less background signal. A recent study has demonstrated the images of 

hippocampal neurons expressing red fluorescent protein down to 1.3 mm with pump 

wavelength at 1700 nm [2].  
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Figure 4.1: The simulation for fluorescence generation at different depth under D-2PE. 

 

Figure 4.2: Fluorescence signal in beads sample under D-2PE 
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In addition to fluorescent probe engineering and pumping fluorophores at longer 

wavelength [46], temporal and phase modulation of pump laser provides another strategy 

to suppress unwanted fluorescence signal. Lakowicz et al. [16] and Fu et al. [18] suppressed 

the background noise with repetition rate detuning scheme. Kobat et al. [48] spectrally 

dispersed wavelength components of the pump laser until all the wavelength components 

arrived the sample plane. They intentionally stretched the pulse width as the laser beams 

propagated toward the focal plane and this method led to poor performance of the out-of-

focus excitation. In contrast, the pump beam at focal plane retained a short pulse which 

efficiently generated fluorescence signal and yield good SBR [49]. The concern in real 

application is that the dispersion property would change when pump laser penetrates into 

different layers in mice brains. Chong et al. [50] applied spatiotemporal phase modulator 

in a laser scanning microscope to extract fluorescence signal generated by ballistic light 

from the entire signal. The operational principle was to switch between two different phase 

pupil filters at a fixed frequency and the proper design of the detection circuit allowed the 

separation of the modulated signal and non-modulated signal. In this scheme, the 

fluorescence signal at the focal plane was periodically generated while the out-of-focus 

excitation signal had different signatures in frequency domain. However, the frame rate 

and dwell time might be affected by the modulation frequency. Leray et al. [51] applied 

differential aberration to two-photon microscopy to remove the out-of-focus excitation. 

The concept was that a laser beam with strong aberration quenched the signal at focus more 

than the laser beam without aberration while the background signal was relatively 
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unchanged in both cases. They used a deformable mirror to control the aberration of laser 

beams and improved image contrast by subtracting one image from the other. 

On the other hand, spatial modulation can physically reduce the background 

fluorescence without post-processing the image or designing detection circuit which 

involves complex design of optical system. Spatial modulation is not limited to degenerated 

multi-photon microscopy. Non-degenerated two photon microscopy also benefits from this 

technique due to more degrees of freedom in spatial modulation. Cambaliza, Saloma, 

Blanca and Saloma, Wang et al. [19,21,24] predicted and demonstrated that these 

constructed light techniques suppress background fluorescence generation. Most of these 

works focus on simulating the SBR in scattering phantom with Monte Carlo model and 

numerically demonstrating that spatially modulating one of the laser beams helped to 

reduce out-of-focus excitation [24,52]. The main idea is to avoid the beam overlap outside 

the sample plane since the fluorescence signal under ND-2PE is generated only when two 

beams are aligned spatially and temporally. Kobat et al. [48] experimentally validated that 

displacing two beams could reduce the excitation volume by scanning an 1-𝜇m fluorescent 

sheet in free space. Lim and Saloma had predicted that error caused by spherical aberration 

was reduced with ND-2PE versus D-2PE [26]. 

In this work, we created a turbid media consisted of fluorescence beads which has 

a similar scattering property to brain tissues and investigated the elimination of out-of-

focus excitation under ND-2PE with side-by-side beams. Afterwards, we also investigated 

the out-of-focus excitation with this scheme in mice brains. The recipe of scattering 

phantom (beads sample) and experiment setup are described in chapter 4.2.1. We designed 
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a preliminary experiment in chapter 4.2.2 to show that ND-2PE with side-by-side beams 

created less out-of-focus fluorescence by plotting the SBR in scattering media at different 

depths. In chapter 4.2.3, we investigated image quality with side-by-side beams scheme by 

measuring the axial and lateral resolution with a 40-nm fluorescent bead. In chapter 4.2.4, 

we measured the ratio of D-2PE and ND-2PE cross section with a specific wavelength 

combination and the result indicated that ND-2PE microscopy additionally benefits from 

its high excitation cross section. The experimental results for images are described in 

chapter 4.3. We first designed a control experiment to reveal the fact that out-of-focus 

excitation limits images depth in scattering phantom by taking the images under D-2PE 

and ND-2PE with two collinear beams. To compare the images under D-2PE and ND-2PE 

with side-by-side beams, the images under D-2PE were conducted with pump wavelength 

at 909 nm which is the equivalent D-2PE wavelength of the chosen wavelength 

combination. We compared the SBR of the images under D-2PE and ND-2PE with side-

by-side beams at the depth of 650 μm, where increasing pump power was not able to 

improve the image contrast. After the demonstration with bead sample, we took images in 

a mouse brain under ND-2PE with side-by-side beams. However, the experiment was limit 

by maximum power of the IR beam. Before we reached the layer which created strong 

background signal, the IR power was already exhausted.  

4.2 Materials and Methods 

4.2.1 Sample Prepartion and Caracterization Setup 

Two types of scattering phantom with 1-μm beads were used in this work. We used 

the high concentrated sample for the image purpose and the low concentrated sample for 
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the spatial alignment. The former scattering phantom was consisted of low-melting-point 

agarose (0.5%; Sigma) gel containing 1 μm diameter yellow-green (441/486) fluorescent 

polystyrene scattering beads (Polyscience Incorporated) at a concentration of 5.3*109 

beads/ml. (Polyscience Incorporated, 2.5% (W/V))) The latter scattering phantom was 

made of  2% Agarose gel (gel point 36 °C, Sigma)  containing 1% (V/V) of 1-μm diameter 

yellow-green (441/486) fluorescent polystyrene scattering beads. In our experiment, we 

also prepared a sample with 40-nm beads (ThermoFisher SCIENTIFIC, C14837) for 

characterizing the lateral and axial resolution. The concentration was 2.1*106 beads/ml. In 

order to preserve the properties of the sample, we made 1-10 PDMS solution and put it in 

petri dish and let it solidify. Then we cut an 1 cm*1 cm*2 mm hole in middle and pour the 

gel and bead solution into the hole with a coverslip on top and sealed it with nail polish 

(Fig.4.3).  

 
Figure 4.3: Bead sample. (a) top view of the sample (b) side view of the sample. 

To ensure spatial overlap of the two beams at focal plane, we used the method 

described in chapter 2. In addition to maximize fluorescence with a fluorescein sheet for 

fine alignment, a more sophisticated procedure was conducted. We first focus NIR beam 

onto one 1-μm bead in the low concentrated sample and optimized fluorescence signal. 

Then, we maximized the fluorescence signal under ND-2PE by defocusing the lenses and 
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tilting the mirrors in the optical path of the IR beam. The protocol required the iterative 

spatial and temporal alignment.  

4.2.2 Examination of Out-of-focus Excitation 

Before we demonstrated that ND-2PE with side-by-side beams can reduce the out-

focus excitation in brain images, we designed a preliminary experiment to compare the out-

of-focus signal under D-2PE and ND-2PE with side-by-side beams. The experimental 

setup is shown in Fig. 4.4. We mixed 500-𝜇M fluorescein with 1% intralipid in the cuvette 

and collected the fluorescence signal at different depths by moving the cuvette along the 

axis parallel to the objective lens. The collection path was divided into two paths. One the 

path was similar to a confocal system which included a 25-𝜇m pinhole before the PMT and 

the other path collected all the signal without pinhole. The first path with pinhole mainly 

detected the signal from the focal plane. We generated the fluorescence under D-2PE and 

ND-2PE with side-by-side beams and focus the beams with a 20X objective lens at 

different depths. We varied the power to maintain the same fluorescent signal collected by 

the first path at different depths. The Fig.4.5 shows that at the depth where the background 

to signal ratio equals to one under D-2PE (blue curve), ND-2PE (green curve) reduced the 

background signal by 40%. 
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Figure 4.4: Experimental setup for investigating the fluorescence under D-2PE and ND-2PE with side-by-

side beams 

 

Figure 4.5: Experimental results of background to signal ration under D-2PE and ND-2PE with side-by-

side beams 

4.2.3 Characterization of ND-2PE volume with side-by-side beams 

Similar to our previous work, we calculated the beam radius at the focal spot (i.e., 

beam waist) with a beam profiler (Thorlabs, BP209-IR). The calculated beam radius at the 
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focal spot (i.e., beam waist) was 2.01 μm for the NIR beam at 780 nm and the beam radius 

for the SWIR beam at 1090 nm was 2.17 μm. The intensity distribution of two beams before 

the objective lens is shown in Fig. 4.6. These two beams were adjusted to be well 

overlapped at focal plane in free space but the beam overlap degraded as these beams 

penetrated into the scattering media (eg. Water or tissues) due to deflection and chromatic 

aberration. Here, we spatially align the side-by-side beams by optimizing the signal from 

an 1-μm fluorescent bead. To measure the lateral and axial resolution, we scan a 40 nm 

microsphere (ThermoFisher SCIENTIFIC, C14837) in transverse plane and axial plane and 

resolved the signal profile. Fig. 4.7 (a,b) implies that ND-2PE with the side-by-side beams 

still provided good excitation volume for images although both of the beams underfilled 

the back aperture of the objective lens. After normalizing the intensities, the measured 

lateral resolution was around 1 μm and the axial resolution was around 5.7 μm. The step 

size of the translation stage in this experiment was set to be 40 nm. 

 

Figure 4.6: The intensity distribution of NIR beam and IR beam before the objective lens. The beam with 

larger size is the IR beam and the beam with smaller size is the NIR beam. 

 



  

 

 58 

 

    (a) 

 

   (b) 

Figure 4.7: (a) lateral resolution and (b) axial resolution of ND-2PE with side-by-side beams (20X 

objective lens). 

4.2.4 ND-2PE Cross Section with Side-by-side Beams 

To take the D-2PE images, we set the pump wavelength at 909 nm which was used 

to image the fluorescent beads in [9]. For the ND-2PE images, we selected the wavelength 

combination of 780 nm and 1090 nm which has the equivalent D-2PE wavelength of 909 

nm. The D-2PE images with pump wavelength at 780 nm is also shown later for the 

comparison purpose. In our work, we investigated the ND-2PE cross section of bead 

sample with high concentration before we analyzed the suppression of out-of-focus 

excitation. Here, the measurement for the ND-2PE cross section is described as the 

following. We first measured the averaged fluorescence signal under D-2PE with pump 
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wavelength at 780 nm and ND-2PE with two collinear beams. The ratio of ND-2PE and 

D-2PE cross sections at 780 nm was calculated to be 1.63 based on the analysis in chapter 

2. The average power of the laser with excitation wavelength at 780 nm and 1090 nm was 

0.39 mW and 3.3 mW, respectively. Then, the same experimental parameters (beam size 

and pump power) were also applied to ND-2PE with side-by-side beams and the ratio of 

ND-2PE and D-2PE cross sections (excitation wavelength at 780 nm) was 1.5. The 

temporal profiles of fluorescence signal (time delay between two pulses) under ND-2PE 

with collinear beams and side-by-side beams are plot in Fig. 4.8 (a,b). The ratio of ND-

2PE cross section with collinear beams and D-2PE cross section was higher due to better 

spatial overlap. The ratio of ND-2PE and D-2PE cross section with excitation wavelength 

at 909 nm was also calculated to be 1.3 which indicated ND-2PE could generate 

fluorescence signal more efficiently and this feature also helped to increase the penetration 

depth. 

 

  (a) 

 

   (b) 

Figure 4.8: Fluorescence signal under ND-2PE at different time delay with (a) colinear beams and (b) side-

by-side beams 
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4.3 Results 

ND-2PE microscopy could benefit from the greater mean free path of SWIR beam 

and higher excitation cross section, but these advantages do not solve the main issues of 

deep image in scattering phantom. To clarify that the fundamental limit of deep image in 

turbid media is out-of-focus excitation, we designed a control experiment. In this 

experiment, a 20X water immersive objective lens (Olympus, UMPlanFLN20X) was 

applied to focus laser beams and collect the fluorescence signal. We took the images of a 

bead sample under D-2PE with the excitation wavelength at 780 nm and 909 nm separately 

and under ND-2PE with a specific wavelength combination (780 nm and 1090 nm) at 

different depths. The two laser beams for ND-2PE were collinear before the objective lens. 

In the ND-2PE experiment, the power of NIR beam was sufficiently low so that the signal 

generated under D-2PE from NIR beam was lower than the noise level. The two-

dimensional images were reconstructed by plotting the fluorescent signal at every position 

and the results are shown in Fig. 4.9. The images size was 100 μm by 30 μm. For the fair 

comparison, we used the same excitation power in all the cases (D-2PE and ND-2PE) at 

the same depth. It is clear that no beads image can be observed under D-2PE with the 

excitation wavelength at 780 nm at the depth beyond 450 μm. Beyond the depth of 550 um, 

beads image under D-2PE with excitation wavelength at 909 μm could be barely observed. 

On the other hand, we could not get any bead images beyond the depth of 450 μm under 

ND-2PE even though the excitation cross section was higher. To conclude the results, ND-

2PE could efficiently generate fluorescence signal but the higher excitation cross section 

induced more background signal which did not improve the SBR. 
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Figure 4.9: Images under D-2PE and ND-2PE with collinear beams at different depth (a) D-2PE  (780 nm) 

(b) ND-2PE (780 nm and 1090 nm) (c) D-2PE (909 nm). 

The next experiments were conducted in the same way, except for that ND-2PE 

consisted of two side-by-side beams. In Fig. 4.10, the images at the depth less than 250 μm 

are clear under D-2PE with excitation wavelength at 909 nm and under ND-2PE. However, 

when these laser beams penetrated to the depth of 450 μm, the backscattering and out-of-

focus excitation dominated the image contrast. Here we noticed that the background signal 

of D-2PE was stronger than that of ND-2PE. As the pump beams went deeper into the 

sample, the images of beads at a depth of 650 μm merged with the background under D-

2PE but few beads could be still observed under ND-2PE. The excitation power of ND-

2PE was slightly lower than that of D-2PE since the SWIR was exhausted at this depth. In 

addition, the beam overlap became worse due to the scattering and this resulted in less 

efficient excitation and poor beam confinement. The acquired images under ND-2PE with 

50 μm 
above 
surface

550 μm

450 μm

250 μm

650 μm
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collinear and side-by-side beams were different in terms of image depth. The penetration 

depth of the collinear beams was around 450 μm while the images at the greater depth 

could be achieved with side-by-side beams.  

In fact, the comparison of 2D images under ND-2PE and D-2PE was not very clear 

at the depth of 650 𝜇m. Therefore, we normalized the signal by its individual peak intensity 

across one fluorescent bead, it revealed that SBR under D-2PE was worse than that under 

ND-2PE with side-by-side beams (Fig. 4.11). These experiments demonstrated that ND-

2PE with side-by-side beams induced less out-of-focus excitation than D-2PE with 

excitation wavelength at 909 nm. At the depth of 650 μm, we also tried to get some beads 

images under D-2PE by increasing the pump power but the SBR did not improve. It is 

possible to penetrate deeper into the scattering phantom with ND-2PE but our limitation 

was the maximum SWIR power in our system. 

In this experiment, we observed that the beam confinement and spatial overlap 

degraded when the laser beams penetrated deeper in the scattering media. Applying 

adaptive optics is a potential solution for exploring the capability of background reduction 

under ND-2PE with side-by-side beams. 
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(a)                                                (b) 

Figure 4.10: Images under D-2PE and ND-2PE with side-by-side beams at different depth (a) ND-2PE 

(780 nm and 1090 nm) (b) D-2PE (909 nm). 

 

(a)                                                            (b) 

Figure 4.11: Line scan across one fluorescent bead under D-2PE and ND-2PE with side-by-side beams at 

the depth of 650 μm (a) ND-2PE (780 nm and 1090 nm) (b) D-2PE (909 nm). 
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After the demonstration with beads sample, we applied this side-by-side scheme in 

brain images. In this experiment, the NIR wavelength was 740 nm and IR wavelength was 

1230 nm. The wavelength combination minimized the out-of-focus signal generated under 

D-2PE from each beam based on the excitation spectrum shown in Fig. 2.6. In addition, 

this wavelength combination could provide the highest enhancement of ND-2PE cross 

section according to the theory of ISRE and the tuning range of our laser system. We took 

the images in an eGFP tagged mouse brain from the surface to the depth of 400 𝜇m. For 

each image experiment, we kept NIR power sufficiently low and ensured most of the 

fluorescence signal was from ND-2PE. (Fig. 4.12) Through all these depths, the 

background signal did not increase significantly. Unfortunately, before we observed strong 

background signal, we already exhausted all of our SWIR power (~75 mW after the 

objective lens) at the depth of 400 𝜇m and this limitation prevented us from investigating 

the reduction of background signal under ND-2PE with side-by-side beams.  
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Figure 4.10: Images under ND-2PE with side-by-side beams 

 

4.4 Discussion 

Many approaches for reducing the out-of-focus excitation by spatially displacing 

beams have been proposed, but most of the researches focus on the analysis and the 

simulation results. It was mentioned in those works that experimental demonstration of 

ND-2PE with displaced beams is challenging because it requires to focus two beams 

simultaneously with two independent objective lenses at the sample plane. Using single 

objective lens is possible but dealing with the chromatic aberration is an issue. In addition, 
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these simulations were based on the assumption that the quantum efficiency of D-2PE and 

ND-2PE was the same but this assumption is not valid in the real application. In this work, 

we characterized the enhancement of ND-2PE cross section and then experimentally 

demonstrated that images under ND-2PE with two displaced beams could reduce the 

unwanted background. The difficulty in beam overlap was achieved with the assistance of 

an 1-𝜇m bead. We also investigated excitation volume with our measurement and the result 

indicated this technique scarified the resolution because both beams needed to underfill the 

back aperture of the objective lens. In fact, underfilling the back aperture of objective lens 

effectively reduced the pump intensity at focus and degraded the excitation efficiency. 

Using two separate objective lenses can improve the image resolution but it is not 

applicable to take brain image with two objective lenses with high NA. 

For the experiment of brain images, the effect of reduction of out-of-focus 

excitation was limited by the insufficient pump power. We planned to replace the current 

laser system with the laser giving higher pulse energy. In addition, the detection can be 

modified by circuit design to increase the sensitivity. An alternative solution is to take 

image with red fluorophore which allows to deliver more power into brain tissues. 

To further improve the performance of our system for recording neuron activities 

in mice brains, applying Galvo mirrors system is inevitable. However, because of the 

chromatic aberration, inserting a 4-f system into Gavlo mirror system still needs to be 

investigated. Different optical path for the beams at different wavelengths would induce 

temporal and spatial walk-off during scanning. Applying adaptive optics is a potential 
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solution for correcting the spatial and temporal walk-off but the frame rate will be slowed 

down due to the adjustment at different deflected angles.  

Another scheme of ND-2PE to reduce out-of-focus excitation is a combination of a 

concentric beam and a Gaussian beam. This method might be more practical as considering 

the issue of beam overlap. Two achievable components to generate a concentric beam are 

spatial light modulators and axicons but there is a trade-off between high quality beams 

and power loss. The other concern is that the axial resolution is worse as compared to D-

2PE because it is dominated by the concentric beam.  

In summary, we have experimentally demonstrated that ND-2PE with side-by-side 

beams provided a way to overcome the issue of low SBR in bead sample although the effect 

in brain image was limited by our laser power. It is possible to yield greater penetration 

depth in scattering phantom by increasing SWIR power without inducing too much 

unwanted background. On the contrary, D-2PE can not avoid inducing strong out-of-focus 

excitation as the pump power is increased. 
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CHAPTER 5 

 

CONCLUSION AND FUTURE WORKS 

 

 

This thesis demonstrates three advantages of ND-2PE to achieve deep image in 

brain tissues: (1) The excitation cross section can be enhanced by detuning the photon 

energy from half of the required excitation energy. (2) The power loss of NIR beam can be 

compensated by introducing SWIR beam. (3) Better image contrast for deep image can be 

obtained by reducing the background noise with side-by-side beams.  

Recently, the Brain Initiative Community is seeking for red fluorophores since the 

excitation and emission wavelengths provide longer attenuation length than green 

fluorophores. Our system for ND-2PE spectroscopy is well established and is ready for 

exploring red fluorophores. Since the lowest single photon allowed state of red 

fluorophores is closer to the ground state than that of green fluorophores, we expected more 

enhancement of ND-2PE cross section with the current laser system.  However, for the 

application of brain image, the penetration depth also is limited by the attenuation length 

at different wavelengths and the enhancement might not be significant in brain images if 

the wavelength combination is properly chosen. If red fluorophores with peak excitation 

wavelengths between 1350 nm and 1550 nm are developed in the future, we can place two 

excitation wavelengths at the peaks of transparent windows (Fig. 3.1) and this wavelength 
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combination can circumvent the strong water band. In addition, since these two 

wavelengths locate outside the excitation peak, these two beams individually can only 

generate few amounts of fluorescence signal under D-2PE. If the scheme of displaced 

beams is also applied, more background signal can be reduced.  

We not only demonstrated the advantages of ND-2PE but also applied ND-2PE to 

in vivo brain image. A prototype ND-2PE microscope was accomplished but it was not an 

ideal system for recording neuron activities. The current system acquires the image by 

scanning the sample instead of the laser beams due to the chromatic aberration and 

dispersion from pupil lens and scan lens in Galvo mirror system. Therefore, the frame rate 

of the current setup is slow. Our next step is to investigate the temporal and spatial walk-

off of side-by-side beams in Galvo mirror system. Another potential scheme of displaced 

beams is a combination of a concentric beam and a Gaussian beam since it might be easier 

to deal with the misalignment in Galvo mirrors system. On the other hand, the spatial and 

temporal walk-off would change and the power intensity would become lower due to the 

scattering and aberration in brain tissues. To preserve good beam shape and optimize beam 

overlap, it requires to precompensate wave front of laser beams to correct the distortion in 

brain tissues. Although these treatments might slow down the frame rate and increase the 

system complexity but it is necessary for exploring the ability of ND-2PE microscopy in 

deep brain image. The modification of the system will include the adaptive optics in both 

NIR beam and SWIR beam paths.  
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APPENDIX A 

 

INTERMEDIATE STATE RESONANCE 

ENHANCEMENT BY ESSENTIAL STATE 

MODEL 

 

 

Intermediate state resonance enhancement (ISRE) occurs when photon energy of 

one of excitation photons approaches the energy required to excite one electron from 

ground state to lowest one-photon allowed state. Effectively the electron life time in virtual 

state is increased and this results in enhancement of absorption cross section. 

A.1 Background 

To model the resonance enhancement of ND-2PE, it involves the contributions 

from full states but this rigorous model would make calculation more complex and time-

consuming. More importantly, it leads to less intuitively physical meaning. Hales et al. 

proposed to apply essential-state model for simulating ISRE of two photon absorption. In 

their work, instead of considering the full excited states, they used the first 300 excited 

states and simplified the whole energy diagram into three-level energy system. This 

approach provided a good approximation for estimating the enhancement and a simple 

explanation for understanding the mechanism. There were some discrepancies between the 
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simulation results and their experimental results due to underestimating the effect of high-

lying states, but the measurement of single-photon absorption well explained the mismatch. 

A.2 Methods 

In Hales’s work, they classified fluorophores into to two categories, non-

centrosymmetric molecules and centrosymmetric molecules. The simplified model of 

essential state yields two equations for calculating the absorption cross section: 

          𝛿𝐷 = 𝐾
𝜇𝑔𝑒
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                                                                                 (24) 

𝛿D and 𝛿T is the calculated cross section for non-centrosymmetric molecules and 

centrosymmetric molecules, repectively. 𝜇ge is the transition dipole moment between the 

ground state and strongly one-photon allowed state which acts as an intermediate state for 

2PA into the two-photon allowed states, 𝜇ee’ is the transition moment between strongly 

one-photon allowed state and two-photon allowed state, and ∆𝜇ge is the difference between 

the permanent dipole moments in ground state and strongly one-photon allowed state. ω1 

and ω2 are the photon frequencies. L is the local field factor and n the refractive index of 

the medium. Γ is the damping term. Based on the equation we simulated the IRSE of some 

useful fluorophores for brain image. 
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Table 2. Simulation of the IRSE for some useful fluorophores 

λIR 
(nm) 

λNIR 
(nm) eGFP ISRE 

λIR 
(nm) 

λNIR 
(nm) eYFP ISRE 

740 1216 1.32 740 1307 1.38 

750 1190 1.29 750 1277 1.35 

760 1165 1.27 760 1249 1.32 

770 1143 1.24 770 1223 1.29 

780 1121 1.22 780 1199 1.27 

790 1101 1.20 790 1176 1.24 

800 1082 1.18 800 1154 1.22 

810 1065 1.16 810 1134 1.20 

820 1048 1.14 820 1115 1.18 

830 1032 1.12 830 1097 1.16 

840 1017 1.11 840 1080 1.14 

850 1003 1.09 850 1064 1.13 

860 989 1.08 860 1049 1.11 

870 976 1.06 870 1034 1.09 

λIR 

(nm) 

λNIR 

(nm) 

mCitrine 

ISRE 

λIR 

(nm) 

λNIR 

(nm) 

mCerulean 

ISRE 

740 1326 1.40 740 1070 1.22 

750 1295 1.36 750 1050 1.20 

760 1267 1.33 760 1031 1.18 

770 1240 1.31 770 1013 1.16 

780 1215 1.28 780 996 1.14 

790 1191 1.25 790 980 1.12 

800 1169 1.23 800 966 1.10 

810 1149 1.21 810 951 1.09 

820 1129 1.19 820 938 1.07 

830 1111 1.17 830 925 1.06 

840 1093 1.15 840 913 1.04 

850 1077 1.13 850 902 1.03 

860 1061 1.12 860 891 1.02 

870 1046 1.10 870 880 1.01 
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