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Abstract: We report quantitative measurements of two-, three-, and four-
photon excitation action cross sections of several commonly used 
fluorophores and fluorescent proteins at three different excitation 
wavelengths of 800 nm, 1300 nm, and 1680 nm. The measured cross 
section values are consistent with simple quantum mechanic estimations. 
These values indicate that the optimum repetition rate for deep tissue 3-
photon microscopy is approximately 1 to 2 MHz. We further demonstrate 
that it is feasible to perform 4-photon fluorescence microscopy of GFP 
labeled microglia in mouse brain in vivo at 1700 nm. 4-photon excitation 
increases the accessibility of fluorophores at the long wavelength spectral 
window of 1700 nm. 
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1. Introduction 

Multiphoton microscopy (MPM) has several advantages in in vivo imaging of biological 
tissues. Because two- or three-photon excited fluorescence increases quadratically or 
cubically with the excitation intensity, the fluorescence, and the potential photobleaching and 
photodamage related to nonlinear fluorescence excitation, are all confined to the vicinity of 
the focus. This spatial localization not only provides intrinsic three-dimensional resolution in 
fluorescence microscopy but also allows large area detectors to capture the signal. Even 
multiply scattered fluorescence photons contribute equally to the image formation, in contrast 
with confocal microscopy where the unscattered photons form the confocal image. This 
efficient detection of fluorescence photons, combined with the relatively deep penetration of 
IR excitation light in most biological preparations, enables MPM to image deep into turbid 
biological specimens. Research on longer wavelength MPM (mostly at ~1300 nm) for deep 
tissue imaging opened a new direction [1–5]. A record 1.6-mm penetration depth was 
achieved in mouse cortex in vivo [5], nearly double the previous depth limit. Nonetheless, the 
fundamental depth limit for high-resolution two-photon microscopy (2PM) is the signal-to-
background ratio (SBR) of the excitation in scattering biological tissue [5,6]. As the 
penetration depth increases, the background, which is defined as the fluorescence excitation 
outside the focal volume, increases exponentially and eventually overwhelms the signal from 
the focus. Recently, Horton et al. demonstrated deep tissue three-photon fluorescence 
microscopy (3PM) of mouse brain in vivo at the 1700 nm spectral window [7]. 3PM not only 
improves the SBR by several orders of magnitude but also enables the excitation of 
conventional fluorophores and fluorescent proteins using the longer excitation wavelength. 
The combination of 3-photon excitation (3PE) and the longer excitation spectral windows 
(i.e., 1300 nm and 1700 nm) is promising for in vivo deep tissue microscopy. 

Multiphoton excitation cross-sections are essential parameters for MPM. In the past two 
decades, the two-photon excitation (2PE) cross sections of many common fluorophores [8–
12] and fluorescent proteins [13–15] were measured. These data provide a reliable database 
for two-photon fluorescence microscopy. However, 3PE cross sections are known for only a 
handful of fluorophores, and there is hardly any quantitative measurement of three- or four-
photon excitation (4PE) cross section of fluorophores in the long wavelength excitation 
windows of 1300 nm and 1700 nm that are perhaps most suited for deep tissue penetration. In 
this paper, we report measurements of two-, three-, and four-photon excitation action cross 
sections of common fluorophores (fluorescein and Sulforhodamine-101) and wild-type green 
fluorescent protein (wtGFP) by using three different excitation wavelengths, 800 nm, 1300 
nm, and 1700 nm. We demonstrate 4-photon fluorescence microscopy of GFP labeled brain 
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tissue in vivo using 1700 nm excitation. We further discuss the implications of the measured 
cross section values on MPM, particularly in the context of deep tissue microscopy. 

2. Multi-photon excitation theory 

We determined the action cross section of two-, three-, and four-photon excitation by 
measuring the fluorescence signal. We expanded the laser beams to overfill the back aperture 
of the objective lens (NA = 0.3). As a result, we achieved approximately diffraction-limited 
illumination of the sample. Following the multiphoton excitation analysis of Xu et al. [9], we 

can obtain the relation between time-averaged fluorescence photon flux ( ) ( )nF t  and 

incident power ( )P t  under two-, three-, and four-photon excitation, in the thick sample limit: 
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where n is the number of photons absorbed, f is the laser repetition rate, τ is the laser pulse 
width, φ is the system collection efficiency, η is the fluorescence quantum efficiency, C is the 
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which is a dimensionless quantity. T = 1/f is the period of the laser pulse. I0(t) is the time-
dependent intensity at the focus. For Gaussian temporal profile pulse (2) 0.664pg = , 

(3) 0.51pg = , and (4) 0.415pg = , and for hyperbolic-secant-squared pulse (2) 0.587pg = , 
(3) 0.413pg = , and (4) 0.312pg = . We note that, in the thick sample limit, the generated 

fluorescence depends on the NA in both three- and four-photon excitation. By assuming a 
certain pulse shape, we can measure the pulse width and ( )n

pg . All other quantities excluding 

(σ ) in the above equations can also be quantitatively measured, from which we can get the 
action cross section (ησ ). 

3. Experimental setup for measuring the multiphoton cross sections 

In this measurement, we used three different light sources for two-, three-, and four-photon 
excitation. A Ti:sapphire oscillator at 800 nm was used for measuring two-photon action 
cross sections of fluorescein, sulforhodamine-101 (SR101), and wtGFP. An optical 
parametric amplifier (OPA, OPA9850, Coherent, pumped by a chirped pulse amplification 
system, RegA9050, Coherent) at 1300 nm was used for measuring the three-photon action 
cross sections of fluorescein and wtGFP. A femtosecond pulsed source at 1680 nm based on 
soliton self-frequency shift (SSFS) in a photonic crystal (PC) rod [16,17] was used for 
measuring three-photon action cross section of SR101 and four-photon action cross sections 
of fluorescein and wtGFP. The experiment setup is shown in Fig. 1. The excitation power at 
the sample was adjusted by a half-wave plate and a polarization beam splitter. The excitation 
beams were expanded to completely overfill the back aperture of the objective lens (UPLFLN 
0.3 NA/10X, Olympus) so that a diffraction-limited focus at the sample is achieved. The 
emitted fluorescence photons were collected in the epi-direction by the same objective lens. 
Different dichroic mirrors were used to separate the fluorescence from the excitation beams. 
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After a set of proper emission filters, the generated fluorescence was detected by a 
photomultiplier tube (PMT, HC125-2, HAMAMATSU), and recorded by a photon counter 
(SR400, Stanford Research Systems). 

Equation (1) shows that three- and four-photon excitation cross sections depend on the 
second and fourth power of NA, respectively. It is important to determine the excitation NA of 
the objective lens experimentally. Here we used two methods to experimentally determine the 
NA of the objective lens. In the first approach, we measured the beam spot size using the 
knife-edge method at several axial positions to determine the divergence (or convergence) 
angle of the excitation beam after the objective lens. The NAs measured by the knife-edge 
method are 0.261, 0.262 and 0.258 at 800 nm, 1300 nm and 1680 nm, respectively. In the 
second approach, we measured the two-photon axial response of the objective lens at 800 nm 
by axially scanning a rhodamine B thin film (thickness ~0.5 μm). By fitting the axial response 
curve, we found the NA is 0.257 at 800 nm, which is in good agreement with the NA obtained 
by the knife-edge method. We used the NA of 0.26 in our cross section measurement. The 
discrepancy between the measured and the specified NAs may be due to the fact that the 
objective lens is designed for UV and visible wavelength. 

For sample preparations, we dissolved fluorescein (Acros Organics) in H2O and NaOH. 
The solution has a pH value of 13 and a concentration of 10.9 μM, and was used as our 
standard calibration sample. SR101 (Santa Cruz Biotechnology) was dissolved in phosphate 
buffered saline (PBS) to 7.6 μM. A stock solution of 37.3 μM wtGFP was directly obtained 
from Abcam. The concentrations of fluorescein and SR101 were confirmed by measuring the 
absorption in a spectrophotometer (Cary 50 UV-VIS, Varian) using the known one-photon 
extinction coefficient. 

/2 plate polarizer
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lter
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PMTPhoton 
counter

dichroic mirror

emis

M

MS OL DM

F

HP PBS

BE
 

Fig. 1. Experiment setup for measuring two-, three-, and four-photon excitation cross section. 
HP: half-wave plate. PBS: polarization beam splitter. M: mirror. BE: beam expander. DM: 
dichroic mirror. OL: objective lens. S: sample. F: emission filter. PMT: photomultiplier tube. 

4. Cross section measurement results 

Before measuring the action cross sections, we first used the known two-photon cross section 
of fluorescein as a standard to calibrate the fluorescence collection efficiency of the system. 
Such a calibration also works well for wtGFP since the fluorescence emission wavelength of 
GFP is similar to that of fluorescein. For SR101, we combined this calibration with our 
measurements of the optical components (e.g., filters, dichroic mirror, PMT response) to 
obtain the collection efficiency of the system. Figure 2 shows the dependence of fluorescence 
intensities on the excitation photon flux density (plotted on logarithmic scales). Red, blue, and 
black squares represent, respectively, the fluorescence of 10.9 μM solution of fluorescein, 
37.3 μM solution of wtGFP, and 7.6 μM solution of SR101. The solid lines are linear fits to 
the experimental results. The slopes of the lines are indicated in each figure, which confirm 
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that the generated fluorescence is due to two- [Fig. 2(a)], three- [Fig. 2(b)] and four-photon 
[Fig. 2(c)] excitation. Based on Eq. (1), we can obtain two-, three-, and four-photon action 
cross sections of fluorescein, wtGFP, and SR101. The results are summarized in Table 1. The 
measured two-photon action cross section of SR101 is in good agreement with the value 
reported previously [12]. The measured two-photon action cross section of wtGFP (21.6 GM 
at 800 nm, 1 GM = 10−50 cm4s/photon) appears to be larger than that reported previously, 
which has a value of 12 GM at 810 nm [15]. The estimated measurement uncertainty (~30%), 
which is mainly due to the uncertainty in the determination of the collection efficiency of the 
system, is similar to previously published cross section works [8, 9] since similar methods are 
used in this experiment. These data will serve as a useful guide for multiphoton imaging. 

Multiphoton excitation processes require two or more photons to interact simultaneously 
with the molecule. Although the multiphoton transition strength consists of contributions 
from all available quantum states as possible intermediate states, the single intermediate state 
(SIS) approximation can be used to give an order-of-magnitude estimation. As shown by Xu 
et al [18], the SIS approximation predicts that the two-, three-, and four-photon excitation 
cross sections are on the order of 10−49 cm4s/photon, 10−82 cm6(s/photon)2, and 10−115 
cm8(s/photon)3, respectively. Although we did not measure the spectral variation of the 
excitation cross section (i.e., the excitation spectra), our measurement results nonetheless fall 
within one order of magnitude of these simple estimates. Due to the limited spectral 
bandwidth of the long wavelength windows (~150 nm at 1300 nm and 1700 nm), however, 
we do not expect the 3- and 4-photon cross section values to vary dramatically, particularly 
given the large spectral bandwidth (~40 nm) of the excitation pulse. 
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Fig. 2. Logarithmic plots of the dependence of (a) two-, (b) three-, and (c) four-photon-excited 
fluorescence on excitation intensity for fluorescein (red square), wtGFP (blue square), and 
SR101 (black square). The slopes are indicated in the lower-right corner of each figure. 

Table 1. Two-, three-, and four-photon action cross sections of fluorescein, wtGFP and 
SR101 

 2
ησ  

10−50 cm4s/photon 
3

ησ  

10−84 cm6(s/photon)2 
4

ησ  

10−116 cm8(s/photon)3 
Fluorescein 32.8 at 800 nm [10] 16.3 at 1300 nm 10.5 at 1680 nm 
wtGFP 21.6 at 800 nm 15.9 at 1300 nm 4.9 at 1680 nm 
SR101 20.6 at 800 nm 65.5 at 1680 nm

5. 4PM of GFP labeled microglia in vivo 

To demonstrate the feasibility of 4-photon fluorescence microscopy (4PM), the 1700 nm 
source was coupled to a multiphoton microscope. The microscope setup was similar to that 
described by Horton [7]. We imaged the brain of a male B6.129P-Cx3cr1 mouse (8 months 
old, The Jackson Laboratory) in vivo (Fig. 3). This mouse expresses EGFP within microglia. 
Figure 3(d) shows the characteristic features of microglia [19], and Fig. 3(f) shows that there 
is a clear separation between 4PM and the THG signal. Animal procedures were reviewed 
and approved by the Cornell Institutional Animal Care and Use Committee. Animals were 
prepared using the methods described by [5]. 
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Fig. 3. 4PM and THG images of a mouse brain in vivo. (a-c): 2-frame averaging at a depth of 
472 μm below the surface of the brain. (d-f): Average intensity of a 32 μm stack (2 frames per 
depth, 4 μm step size) ranging from 456 to 484 μm below the surface of the brain. The 
acquisition time was 4 seconds per frame, and the average power was 23 mW (repetition rate 
1.3 MHz) on the brain surface. The scale bar is 50 μm. 

6. Discussion 

The measured multiphoton cross sections provide useful guidelines for MPM, particularly for 
the development of excitation sources for deep tissue imaging. For a given pulse width 
(typically ~100 fs for MPM), the pulse energy and repetition rate of the excitation source are 
constrained by the fluorophore cross section, which sets the maximum pulse energy at the 
focus, and tissue photodamage, that limits both the average power at the sample surface and 
the maximum pulse energy at the focus. Under short-pulse excitation, fluorescence saturates 
at the limit of one transition per pulse per fluorophore. Following [8] the saturation excitation 

power can be found by using ( )( ) 2 2( ) ( ) 1.
nn n n n n

p ng P t NA fσ π τ λ τ  =   Given the estimated 

cross sections using the SIS approximation, the pulse energies for saturation of fluorescence 
excitation for two-, three-, and four-photon excitation are then approximately 1.1 nJ, 4.9 nJ, 
and 10.3 nJ, respectively, assuming 1700 nm excitation with 70 fs pulses and an excitation 
NA = 1.0. These pulse energies are below the ablative damage threshold for biological tissues 
[20] for wavelengths longer than 1000 nm, particularly for 2PE and 3PE. In addition, 
previous experiments demonstrated that longer excitation wavelengths reduce nonlinear tissue 
damage [21, 22]. Thus, linear absorption (i.e., the average power) is likely the main limitation 
when imaging deep into tissue using 1300 nm or 1700 nm excitation. Empirically, we found 
that there was no apparent photodamage when imaging the brain mouse in vivo at average 
powers approximately 140 mW and 40 mW, for 1300 nm and 1700 nm excitation, 
respectively. For maximum imaging depth, the excitation source should provide pulses with 
approximately the saturation pulse energy at the focus at various depths in the tissue, and at 
repetition rates that avoid sample heating. This argument shows that the optimum repetition 
rate for 3PM will be approximately 1 to 2 MHz when imaging deep into scattering tissue 
(e.g., for depth greater than three attenuation lengths). While such a repetition rate is 
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approximately a factor of 5 lower than the optimum source for 2PM, it is sufficient for 
imaging many dynamic biological events such as neuronal activity [23, 24]. Photobleaching is 
another potential concern, which may be highly dependent on the specific fluorescence probe. 
We have not observed adverse photobleaching effect when performing 3PM of GFP- and 
GCaMP6-labeled neurons in vivo using a laser source at the low repetition rate [24]. 

Ultrashort femtosecond pulses are essential for 3PM and 4PM due to the higher order 
nonlinear response (See Eq. (1). Pulse width less than 70 fs were used in previous deep tissue 
3PM [7, 24]. While even shorter pulses will increase the excitation efficiency of 3PM, the 
dispersion of the optical elements must be carefully compensated for pulses significantly 
shorter than 50 fs. 

Our results showed that it is feasible to perform 4PM at 1700 nm using an energetic 
femtosecond source at lower repetition rate. An obvious advantage of 4PM is to increase the 
spectral coverage of the excitation source, e.g., allowing the excitation of GFP at the 1700 nm 
spectral window. While 4PM will have even higher SBR when compared to 3PM, such an 
improvement is not practically meaningful currently since 3PM is no longer limited by the 
SBR at the imaging depth of 1 to 2 mm in the mouse brain [7]. Within this depth range, it is 
the signal-to-noise ratio, which is determined by the number of signal photons per pixel, 
limits the imaging speed and depth in 3PM and 4PM. Since higher pulse energy is required 
for efficient 4PE, the pulse repetition rate must be reduced to avoid sample heating, which 
further limits the imaging speed of 4PM when compared to 3PM. 

7. Conclusion 

We have quantitatively measured the 3PE and 4PE cross sections of several commonly used 
fluorophores in the long wavelength spectral windows of 1300 nm and 1700 nm. Our results 
showed that the 3PE and 4PE cross sections of these fluorophores are within an order of 
magnitude of previous estimations based on quantum mechanical perturbation theory. The 
measured cross section values indicate that the optimum repetition rate for deep tissue 3PM is 
approximately 1 to 2 MHz. We further demonstrated that it is feasible to perform 4PM of 
GFP labeled microglia in vivo at 1700 nm. 4PE increases the accessibility of fluorophores at 
the long wavelength spectral windows. 
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