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Abstract: Deep tissue multiphoton imaging requires high peak power to enhance signal and
low average power to prevent thermal damage. Both goals can be advantageously achieved
through laser repetition rate tuning instead of simply adjusting the average power. We show
that the ideal repetition rate for deep two-photon imaging in the mouse brain is between 1 and
10 MHz, and we present a fiber-based source with an arbitrarily tunable repetition rate within
this range. The performance of the new source is compared to a mode-locked Ti:Sapphire
(Ti:S) laser for in vivo imaging of mouse brain vasculature. At 2.5 MHz, the fiber source
requires 5.1 times less average power to obtain the same signal as a standard Ti:S laser
operating at 80 MHz.
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1. Introduction

Two-photon microscopy has become an invaluable tool in biological imaging. Its many
advantages include diffraction-limited resolution with optical sectioning, fast imaging speeds,
and deep penetration through scattering tissues. It has been used to image to depths of ~Imm
in the mouse brain [1-4]. With the development of Calcium sensitive probes, it is now
possible to observe neuronal activity in real time from deep layers of mouse cortex [5-7].

Penetration of excitation light in biological tissues is limited by attenuation due to
scattering and absorption. As imaging depth increases, power at the surface must be increased
exponentially to compensate for the decreasing number of ballistic photons reaching the focal
volume. Typically, this is done by increasing the average power at the surface of the brain.
However, using too much average power raises the sample’s temperature, potentially causing
thermal damage in the superficial layers.

A better approach to achieve maximum fluorescence excitation without significant heating
is to reduce the laser repetition rate and increase the pulse energy, while keeping the average
power at the surface of the brain fixed [8,9]. Temporal redistribution of the incident photons
in this manner enhances nonlinear effects (multiphoton excitation) without changing the
linear effects (sample heating). Because the ideal repetition rate depends on the imaging depth



Research Article Vol. 9, No. 5| 1 May 2018 | BIOMEDICAL OPTICS EXPRESS 2306 I

Biomedical Optics EXPRESS -~

(as shown in the next section), there is an urgent need to develop a tunable repetition rate
source to ensure optimum imaging conditions can be achieved across a range of imaging
depths.

2. Ideal repetition rate for two-photon deep tissue imaging

The upper limit for the laser repetition rate is typically determined by the lifetime of the dye,
7 In the regime where fz,> 1, excitation pulses arrive before most of the excited fluorophores
have relaxed. Thus the fluorescence signal generated may not have the expected linear
dependence on the repetition rate when the probability of excitation per pulse is relatively
high [10]. Most fluorescent dyes have lifetimes in the range of 1-10 nanoseconds, indicating
that the typical repetition rate should be below 100 MHz.

At the lower end, one must balance linear thermal damage due to volume heating,
fluorescence saturation and nonlinear damage at the focus. At near infrared wavelengths, it
was determined that ~100 mW average power is safe for long term, continuous imaging in the
mouse brain [11]. For two-photon microscopy using femtosecond pulses, the condition for
fluorescence saturation sets the limit of pulse energy (typically < 1 nJ at the focus of an
objective lens with an NA of ~1.0).

The optimum repetition rate (f,) of the excitation source for two-photon imaging is
determined by the need to obtain maximum fluorescence signal while staying below the
power limit for significant sample heating and the pulse-energy limit for fluorophore
saturation. f, can be determined by the following parameters: imaging depth (z), tissue
attenuation length (/,, which depends on the scattering and absorption lengths [12]), average
power limit for thermal damage <Py, and pulse energy limit for fluorescence saturation
(Esq)- The relation between the parameters is given by the equation:

f, zMexp(_—zJ (1)

E l

Sfocus a

The pulse energy at the focus, Ej.., should be substantially below E,,, which can be
calculated following ref. 13:

A? T
w = T )
TNA™\ g, 0,
Eq, 1s determined by the excitation wavelength (A), the objective numerical aperture (NA)
assuming diffraction-limited focus, pulse width (t), the fluorophore two-photon cross-section
(0,), and the temporal coherence factor gp(z) (gp(z) =0.59 for a sech’ and 0.66 for a Gaussian
pulse).

Table 1. Saturation pulse energy E,, and the optimum repetition rate, f), for imaging at
depths of 4 and 5 attenuation lengths (1,) for some common green and yellow fluorescent

dyes.*
Dye Cross-section Esat fo (MHz)
(GM) (n)) .,=4 .=5
WiGFP 3 1.34 46 1.68
Fluorescein 22 0.49 12.5 4.58
Ca Green 56 0.31 19.7 7.25
YFP 186 0.17 35.9 13.2

* Assumptions: Diffraction-limited focus with NA = 1.0, A = 940
nm, Pgypee = 100 mW, Gaussian temporal pulse intensity profile with
FWHM 1= 100 fs, and Efyeys = 0.3%Egy.

Equation (1) clearly shows that the optimum repetition rate for deep tissue two-photon
microscopy decreases exponentially with the imaging depth. Egyeus/Egae < 0.3 results in less
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than 5% deviation from true quadratic dependence on the excitation power in a diffraction-
limited focused beam. E,, for some common dyes [13] and corresponding f for imaging at
depths of 4 and 5 attenuation lengths are given in the Table 1. The values in Table 1 show that
the optimum repetition rate is significantly lower than that typically provided by a
femtosecond mode-locked Ti:S laser (e.g., 80 MHz).

3. Pulse energy requirements for deep tissue imaging

We now estimate the pulse energy required from the excitation source for deep tissue two-
photon imaging, using fluorescein as an example. In order to deliver 0.15 nJ to the focus (i.e.,
0.3*Eg, for fluorescein) at a depth of five attenuation lengths one must start with ~50-110 nJ
before the microscope (assuming 20-45% microscope transmission). Such high pulse energies
are marginally achievable with commercially available Ti:S lasers at the peak gain
wavelength of ~800 nm, but their performance rapidly degrades at longer wavelengths, and
the required pulse energy is hard to realize for wavelengths > 900 nm. Several systems can
generate higher pulse energies, but few can provide the right combination of wavelength
tuning, repetition rate, and pulse energy for optimum deep tissue two-photon imaging. Optical
parametric amplifier (OPA) pumped by an amplifier system can provide wavelength tunable
pulses at > 1puJ, however, OPAs are expensive, and their highest repetition rate is typically
limited to 1 to 2 MHz, which limits the imaging speed for studying dynamic biological
functions such as neuronal activity and blood flow [3,4]. Extended cavity lasers can provide
>100 nJ pulse energies and 1-10 MHz repetition rates, but the wavelength tuning in these
systems is limited to ~10 nm around 800 nm [14]. Cavity dumped lasers are also
commercially available, however, the pulse energy available drops to < 50 nJ as one increases
the repetition rate into the few MHz range [15]. Although coherent addition in an external
passive cavity has been demonstrated with impressive results, the system has not seen
widespread deployment [16]. In summary, wavelength-tunable sources at > 900 nm (the
wavelength window of interest for a large number of brain imaging applications) that can
provide more than 50 nJ pulse energy with repetition rate tunable within the range of 1 to 10
MHz do not exist currently, but are needed for optimum deep tissue two-photon imaging.

4. Fiber-based tunable repetition rate source for deep tissue two-photon
fluorescence microscopy

v 1880 nm 940 nm
1550 nm . > g ’ . To
FCPA System = o ;
Photonic Crystal Rod Microscope
(Area = 2300 pm?) SHG in BIiBO crystal

Fig. 1. Tunable repetition rate source for two-photon imaging.

We demonstrate a fiber-based laser system that can provide both tunable repetition rate
between 1 and 10 MHz, and high pulse energies for wavelengths > 900 nm (Fig. 1). The
source consists of a 1550 nm fiber chirped pulse amplification (FCPA) system that pumps a
photonic crystal rod (PC Rod). Erbium-doped fiber amplifier based FCPA system is a mature
and robust technology. Commercial systems providing > 1 pJ pulse energies, ~500 fs pulses
are routinely available. However, the average power from these systems tends to be limited.
Our home-built system provides high average power (up to 8 W), allowing it to support the
higher repetition rates for fast imaging. The second-order interferometric autocorrelation
measurement shows that the FWHM pulse duration of the FCPA system is ~500 fs at 1550
nm.

Repetition rate tuning was achieved using a fiber-integrated Lithium Niobate (LiNBO;)
intensity modulator driven by a pulse pattern generator (MU181020A, Anritsu) synchronized
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to the seed laser. Placing the intensity modulator before the final amplification stages ensures
that no optical power from the power amplifiers is wasted when adjusting the repetition rate.

Pulsewidth=71 fs Pulsewidth=53 fs
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Fig. 2. a) SSFS spectra after the PC Rod at various repetition rates when pumped at 7W of
average power at 1550 nm. A 1600-nm long pass filter was used to remove the residual pump
light. Spectra are offset vertically for clarity. Second order interferometric autocorrelations for
the 1880 nm soliton (b, deconvolution factor = 1.54) and the 940 nm frequency-doubled pulse
(¢, deconvolution factor = 1.4).

Soliton self-frequency shift (SSFS) in optical fibers produces wavelength-tunable sech’
pulses [17-20]. The soliton energy is proportional to the effective area (4.5 of the mode
within the fiber. For our demonstration we used a photonic crystal (PC) rod with a core size
of 70 pm (DC-200-70-PMYb-ROD, NKT Photonics). SSFS in this rod has been
demonstrated and characterized in [21]. The 4, of the PC Rod is 2300 um” and the rod length
is 37 cm. Spectral filters can be used to cleanly separate the solitons from the residual 1550
nm light for soliton center wavelengths longer than 1650 nm. We were able to generate
solitons between 1660 nm (55 nJ) and 2000 nm (134 nJ). The maximum repetition rates
achievable (limited by the maximum average power of the FCPA) for different soliton center
wavelengths, along with the spectra, are shown in Fig. 2(a). The intensity stability of the
soliton is measured using two-photon excited photocurrent in a Si-diode. We found that the
root-mean-squared (RMS) fluctuation of the soliton pulse is less than 1% when measured for
10 minutes at a sampling rate of 100 kHz. The wavelength stability is measured using a
spectrometer, which shows that the RMS fluctuation of the center wavelength of the soliton is
less than 1 nm when measured for 20 minutes at 2 wavelength scans/s. The beam pointing
stability is confirmed by using a camera to record the center position of the beam.

To double the frequency of the soliton, we used a 1 mm thick BiB;Og crystal (6 = 9.8°,
¢ = 0°, Castech). Due to the high pulse energy of the soliton, the conversion efficiency was
> 50%. At 940 nm, the maximum pulse energy obtained was 72 nJ, and the pulse duration
was 53 fs. The second-order autocorrelation of the soliton and the frequency-doubled pulse
from the soliton source are also shown in Fig. 2. As the analysis in Section 3 has shown, the
characteristics of such a source are ideally matched for deep tissue two-photon imaging of
green and yellow fluorophores such as GCaMPs, GFPs and YFPs.

5. Performance comparison

The output soliton spectrum is determined by the characteristics of the input pulse (pulse
energy, pulse shape, and wavelength) and the PC rod (length, 4.4 and dispersion), and is
independent of the pulse repetition rate. Therefore, the repetition rate can be tuned up to the
maximum repetition rate (shown in Fig. 2(a)) without changing the output spectra. We tested
the dependence of the fluorescence signal on the laser repetition rate at a constant excitation
power, using fluorescein dye solution as the sample (Fig. 3). The small deviations from the
perfect linear dependence on //f are probably caused by the difference in the input pulse
characteristics due to variations in the nonlinear phase accumulation in the EDFA at different
repetition rates and in the coupling of the pulses into the PC rod. To demonstrate the
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performance of this tunable repetition rate source, we compared its imaging performance to a
commercially available Ti:S oscillator (Maitai, Deep See, SpectraPhysics). The soliton
repetition rate was set to 2.5 MHz. The center wavelength for both lasers was set to 940 nm.
Both beams were sent into a commercial multiphoton microscope (FV-1000, Olympus). A
flip mirror was used to switch between the soliton source and the Ti:S laser.

350 sy

Signal intensity (a.u.)
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o o o (4] o
o o o o o
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N

Fig. 3. Fluorescence signal intensity as a function of the inverse of the source repetition rate at
the constant average power of 0.08 mW on the sample. The solid circles are the measured data,
and the dashed line is a linear fit to the data.

Dispersion from the microscope optics and the objective (XLPN25XWMP2, 25X, 1.05
NA Water Immersion, Olympus) was pre-compensated using a prism pair (80 cm separation)
for the soliton source, and the built-in Deep See dispersion compensator in the Ti:S laser. A
second-order interferometric autocorrelation measurement performed after the objective
showed that the final pulse widths were 76 fs for the soliton source, and 123 fs for the Ti:S
(Fig. 4). Wings in the autocorrelation of the soliton source indicate some uncompensated
higher order dispersion from the microscope optics. To quantify its effect on two-photon
signal generation, we calculated gp(z) from the second order autocorrelations as described in
[22]. Measured gp(z) for the Ti:S laser pulse and the soliton pulse before the microscope are
within ~5% of the theoretical values assuming Gaussian pulse shapes (i.e., gp(z) = 0.66).
Measured gp(z) for the soliton pulse after the microscope was 0.53 (assuming a FWHM pulse
duration of 76 fs). This reduces our expected signal improvement from 52 times to 41.8 times
with the soliton source when the same excitation power is used at the sample.
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Fig. 4. Second order autocorrelation traces recorded after the microscope for the 940 nm pulse
from (a) the soliton and (b) the Ti:S oscillator (GaAsP photodiode, deconvolution factor = 1.4)
Signal from the soliton source and Ti:S laser (c) in a fluorescein dye-pool and (d) as a function
of imaging depth for in vivo mouse brain imaging.

To minimize the effect of spatial mismatch in the beam profiles, we used telescopes to
overfill the back aperture of the objective. Two-photon fluorescence signal from the two
sources was measured in the thick sample limit, i.e., a 20 uM fluorescein dye pool. Bandpass
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filters were used before the PMT to ensure that no second-harmonic signal was collected. The
soliton source produced 36.2 times more signal than the Ti:S laser for the same average
power, and the results are shown in Fig. 4(c). The slight deviation from the theoretical value
is likely due to differences in experimental conditions such as small differences in the beam
spatial profiles, and the temporal pulse quality.

Finally, we compared the performance of the two sources in in vivo mouse brain imaging.
A craniotomy was performed on an 8-week-old wild type mouse, and a glass window was
inserted to observe the brain. Fluorescein-dextran was injected retro-orbitally and observed in
the brain vasculature. Each stack of images was obtained with both sources. A few frames
from each stack were measured at different power levels to ensure that there was no
fluorescence saturation. Normalized images obtained using each source are shown in Fig. 5.

To quantify the signal from both sources, 332 regions with areas of 100-500 um’ were
selected. The average signal for the soliton source was 26.3 = 4.1 times higher than that of the
Ti:S laser at the same average power, which shows that an average power reduction of 5.1 +
0.4 times can be achieved using the soliton source. The attenuation lengths for both sources
were ~170 um which is similar to values reported in previous publications [3]. The difference
in performance enhancement compared to that in the fluorescein dye-pool is possibly due to
the differences in the beam spatial profiles from the two sources combined with scattering and
wave-front aberrations in the mouse [23]. This is supported by the slight difference in the
scattering lengths, which over a range of 4 scattering lengths is equivalent to approximately
20% change in the relative signal improvement for the surface layers versus the deepest
layers.

Fig. 5. Fluorescein-labeled mouse brain vasculature recorded with both sources. Images were
recorded at comparable fluorescence levels, and have been further normalized to emphasize
that there is no difference in image quality. (a),(c) Ti:S laser; (b),(d) Soliton source. Imaging
depth from surface of the brain is 680 um for (a) and (b) and 30 pum for (c) and (d).

6. Discussion

Tissue damage due to heating is clearly reduced by reducing the repetition rate and increasing
the pulse peak intensity while keeping the average power constant. However, there is a
possibility of increased nonlinear photodamage and photobleaching. Therefore, deep tissue
multiphoton imaging is a trade-off between linear (i.e., thermal) damage and higher order
nonlinear photodamage or photobleaching. The relationship between photobleaching and the
pulse characteristics can be complicated. There have been a number of measurements in the
past to elucidate the mechanisms of photodamage and photobleaching. Several papers have
shown higher than 2nd order nonlinear damage/bleaching in 2-photon imaging [24-26],
which suggest that higher repetition rates could be beneficial. However, a recent paper has
shown insignificant difference in the photobleaching rate when changing the excitation
repetition rate by more than 20 times [27]. There are several previous papers showing that
shorter laser pulses reduce the rate of photobleaching when normalized to the same 2-photon
fluorescence generation [28—-30], which appear to be inconsistent with the mechanism of
higher than 2nd order nonlinear photobleaching. Another paper demonstrated that
photodamage of neurons is reduced by temporal gating at 2.4 MHz and 1.2 MHz of the 80-
MHz pulse train, while further reduction of the gating frequency to 0.4 MHz appears to
increase the photodamage [8]. When excited state or triplet state absorption is involved in the
photobleaching pathway, lower repetition rate can significantly improve total fluorescence
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yield before molecular bleaching [31]. The discrepancies of previous findings on
photodamage and photobleaching may be caused by the differences in the sample, the
fluorophores, imaging conditions (e.g., in vivo or in vitro), excitation wavelength, assessment
methods, etc. While this brief discussion is not meant to be exhaustive or definitive,
photodamage and photobleaching are important considerations when optimizing the pulse
repetition rate in addition to tissue heating and fluorophore saturation discussed in this paper.
On the other hand, the pulse energy used in this paper (e.g., Fig. 5, ~0.15 nJ at the focus) is
significantly below the nonlinear damage threshold for cultured cells [32, 33], and
approximately 50 to 100 times below the nonlinear ablative damage threshold [34, 35]. Pulse
energy much higher than the value used in this paper has been used in the past for in vivo 2-
photon imaging of the mouse brain [3,6].

7. Conclusion

We analyzed the optimum repetition rate for increasing the efficiency of two-photon signal
generation deep within scattering samples. Based on the properties of commonly used
fluorophores, the ideal repetition rate for deep tissue two-photon imaging is significantly
lower than 80 MHz, which is typically provided by mode-locked Ti:S oscillators, and
significantly higher than 1 MHz, which is typically provided by OPAs pumped by amplifier
systems. We present a fiber-based, wavelength tunable source that can provide tunable
repetition rate between 1 and 10 MHz, and pulse energies between 26.4 nJ (830 nm) and 80
nJ (1000 nm). We compared the performance of our source to a Ti:S oscillator and found that
we could obtain the same two-photon excited signal deep inside a mouse brain with
approximately 5.1 times less average power, and with pulse energy still significantly below
the limit for fluorescence saturation and nonlinear photodamage. Our results may motivate
further development of a low-cost and robust excitation source that provides the optimum

pulse characteristics for deep tissue two-photon microscopy in the wavelength range between
900 and 1000 nm.
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