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Abstract: The problem of weak harmonic generation signal intensity
limited by photodamage probability in optical microscopy and spectroscopy
could be resolved by increasing the repetition rate of the excitation light
source. Here we demonstrate the first photomultiplier-based rea-time
second-harmonic-generation microscopy taking advantage of the strongly
enhanced nonlinear signal from a high-repetition-rate Ti:sapphire laser. We
also demonstrate that the photodamage possibility in common biological
tissues can be efficiently reduced with this high repetition rate laser at a
much higher average power level compared to the commonly used ~80-
MHz repetition rate lasers.
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1. Introduction

1.1 SHG microscopy

Second-harmonic-generation (SHG) is beginning to emerge as a powerful contrast mechanism
in nonlinear optical microscopy since the first SHG microscopy demonstration in the 1970s
[1-2]. SHG microscopy has been widely applied to various studies including material sciences
(nonlinear crystals [2], surfacedinterfaces [3], field distribution in semiconductors [4-5]),
biological researches (membrane potentials [6-8], tissue polarity [9-10], bio-photonic crystal
effect [11-12]) and medica applications (tumor progress [13]). The properties of SHG are
such that it can be used as a probe of local anisotropy, of the distribution of molecular
hyperpolarizabilities, of phase-matching properties, and of surface plasmon enhanced
interactions. Similar to two-photon fluorescence microscopy (2PFM) [14], SHG microscopy
provides superior axial resolution due to the quadratic dependence of SHG on the illumination
intensity. Nevertheless, no exogenous staining is required with SHG microscopy, preventing
the complex and invasive labeling procedures in common fluorescence techniques.

The observation of SHG with sensitivities comparable to that of other mechanisms based on
linear optical effects could only be possible with a high input laser power, which was
unsuitable for the study of fragile and sensitive specimens such as biological tissues. Hence,
SHG imaging found limited applications in scanning microscopy until a way of enhancing the
nonlinear interaction could be found. The advent of mode-locked lasers in the 1980s finally
provided an adequate light source to exploit the characteristics of nonlinear optica
phenomena. The high peak power of short pulses maximizes the second-harmonic intensity
for a given average input power while, however, acute photodamage is also induced from this
extremely strong optical flux.

1.2 Optical damage with femtosecond pulses

Because of the need of high peak power for efficient nonlinear processes such as SHG,
femtosecond laser pulses focused through microscope objectives of high numerical aperture
were routinely used. Under such strong optical fields, the local interaction between light and
biological specimen could easily result in permanent damage to biological samples. Kdnig et
al. have demondtrated that the loss of cell viability occurred at an average power of ~7-mW
for 150-fs pulses (with a 80-MHz repetition rate), corresponding to a peak power of 0.56-kW,
a peak intensity of 0.85-TW/cm?, or a pulse energy of ~0.1-nJ [15]. In the same study they
also verified the nonlinear nature of the optical damage in the femtosecond pulse regime.
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From an experimental point of view, the breakdown threshold is defined by the observation of
bubble formation at the laser focus[16]. The results of A. Vogel et al. showed that multi-
photon ionization and free-electron-induced chemical bond breaking, not related to heating or
thermoelastic stresses, probably mediate the highly localized ablation of intracellular
structures and intranuclear chromosome dissection [16]. In brief, the mechanism of the optical
damage induced by infrared femtosecond laser pulses should be dominated by nonlinear
optical processes and thus the maximal obtainable SHG power is limited by the strong peak
intensity and high pulse energy of afemtosecond laser instead of its average power.

The tradeoff between desired high SHG average intensity and unwanted nonlinear
photodamage can be best balanced by increasing the repetition rate of a laser. With identica
peak intensity and pulse energy in each pulse, the mean power of emitted SHG will linearly
increase with the increase of repetition rate while no nonlinear photodamage will take place if
we keep the peak intensity and pulse energy well below the photodamage threshold. While
acquiring dynamic images in nonlinear microscopy, pixel dwelling time must be long enough
for the detector to collect sufficient photons. As aresult, increasing the repetition rate and thus
increasing the nonlinear signal intensity can efficiently reduce the pixel dwelling time as well
as the acquisition time per frame. Here we demonstrate the first photomultiplier-based real-
time SHG microscopy using the combination of a 2-GHz repetition rate femtosecond
Ti:sapphire laser and afast XY galvanometer mirror scanner. In fact, this laser can be coupled
with any other fast-scanning technique such as a polygona mirror [17] or a microlens array
[18] to improve the contrast and the acquisition rate of the system. By increasing the
repetition rate of the femtosecond laser pulse train, SHG average intensity could be
significantly improved due to the higher tolerable average excitaion intensity while the
probability of nonlinear photodamage is reduced due to the under-threshold peak intensity and
pulse energy.

2. Description of the method

Two femtosecond Ti:sapphire lasers with different repetition rates are used as light sourcesin
a home-built SHG scanning microscope to compare the image quality and photodamage
possibility. One source is the Tsunami laser from Spectra-Physics with an 82-MHz repetition
rate and a ~130-fs pulsewidth, which is now a standard system in most multi-photon
applications. The typica average power output of this laser is ~700-mW under 5-W
frequency-doubled Nd:YAG excitation, corresponding to an output pulse energy of 8.5-
nJpulse. Under tightly focusing, say with a 0.5-um focal spot size, this pulse energy will
induce an optical flux density equal to 11-TW/cm?, which is strong enough to produce optical
breakdown in transparent agueous media, not to mention living biological specimens. This
explains why the maximum average power alowed in most multi-photon biological
applications is limited to <10-mW, to keep the peak intensity two orders of magnitude below
the nonlinear breakdown threshold in transparent aqueous media. In this femtosecond system,
two prism pairs are required to produce a net negative intracavity group velocity dispersion
(GVD) as compensation for the positive GVD introduced by the optical components inside
cavity and the self-phase modulation in the Ti:sapphire rod. Therefore the length of the
resonant cavity cannot be scaled down and the repetition rate is locked around 82-MHz
determined by the cavity length. The availability of dispersive mirrors that impose an amount
of negative GVD on an optical pulse upon a reflection has made prismatic intracavity
elements that need a certain geometrical path length for dispersion control obsolete. The other
laser we used for comparison is a Gigajet 30 laser from GigaOptics GmbH, whose laser has a
specialy designed cavity built on dispersive mirrors that alows pulsed Ti:sapphire laser
oscillation with repetition frequencies up to 2-GHz. The corresponding cavity length of only
150-mm features an extremely compact system. This mode-locked mirror-dispersion-
controlled Ti:sapphire ring-cavity laser delivers amost perfectly bandwidth-limited 30-fs
pulses with a 600-mW average power, corresponding to a pulse energy of 0.3-nJpulse, much
smaller than the pulse energy of the conventional Ti:sapphire laser with a similar average
output power. In our experiments, the pulse of the 2-GHz laser was first stretched to 130-fs by
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inserting a 2-cm long sapphire crystal in the external optical path and confirmed with a SHG
based autocorrelator. After propagating through the highly dispersive microscope objective
(GVD of UplanApo/IR 60X is 2300-fs? at 800-nm [19]), the temporal width of the 2-GHz
pulses will be less than twice of that of the 82-MHz pulses according to a dispersion
calculation [20]. Both lasers were tuned to 810-nm center wavelength.

Our home-built laser scanning SHG microscope is modified from an Olympus FV300
scanning system combined with an Olympus BX51 upright microscope. The laser output was
first shaped and collimated by a telescope to avoid power loss at XY galvanometer mirror
scanners and to fit the aperture of the focusing objective. The collimated beam was then
coupled into the Olympus FV300 scanning system connecting to the Olympus BX51
microscope with an aperture fitting tube lens. Real-time scanning was accomplished through
the high-speed galvanometer mirrors inside FV300. The excitation laser pulse was focused
onto the biological sample with a spot size close to diffraction limit by high numeral aperture
(NA) objectives (ULWD MIR 80X/NA 0.75; or UplanApo/IR 60X water/NA 1.20, Olympus)
and the excited forward-emission spectrum was collected using a high-NA oil-immersion
condenser. The focused spot sizes for both lasers were measured to be around 0.8-um (with a
corresponding effective spot-size of 0.57-um for SHG) for the 0.75 NA objective while they
were measured to be around 0.5-um (with a corresponding effective spot-size of 0.35-um for
SHG) for the 1.2 NA objective at a 0.81-um excitation wavelength. The fundamental NIR
beam was removed with an optical filter (Schott BG39) before spectral or intensity
measurements. For spectral measurement, the collected visible light was then directed into a
monochrometer (SpectraPro-150, Roper Scientific) and recorded by a TE-cooled CCD
detector (DV42-0E, Andor Technology). For SHG intensity mapping, a photomultiplier tube
(PMT, R928P, Hamamatsu), which was synchronized with the galvanometer mirrors, was
placed behind an interference filter allowing only 405-nm light passage and was used to
record SHG intensity point by point to form atwo-dimensional sectioned image.

3. Results
3.1 SHG enhancement

To demonstrate SHG enhancement with the high repetition rate laser, we chose muscle fibers
from a sacrificed laboratory mouse as our viewing object. Muscle fibers are known to exhibit
strong nonlinear bio-photonic crystal effect and thus provide strong SHG generation [11]. The
sarcomeres in the skeletal muscles are composed of crystalline myosin and actin nano-
filaments with 40 and 20 nm periods, respectively, faling into the spatial range of strong SHG
activity. The SHG emission spectra from a muscle fiber excited by the 82-MHz and 2-GHz
Ti:sapphire lasers are shown in Figs. 1(a) and 1(b), respectively. A broader SHG spectrum
from the 2-GHz laser can be observed, corresponding to the broader spectral bandwidth of this
laser. The incident average power of the 82-MHz and the 2-GHz lasers were 7.7-mW and
200-mW after microscope objective, respectively. The resulting pulse energy are both ~100-
pJon the muscle fibers (peak intensity ~4x10™ W/cm? for the 82 MHz laser, ~3x10™ W/cm?
for the 2GHz laser), at least two orders of magnitude smaller than the optical nonlinear
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Fig. 1. Nonlinear emission spectra showing the SHG intensity difference from mouse muscle fibers
excited by (A) the 82-MHz and (B) the 2-GHz Ti:sapphire lasers.
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breakdown threshold in transparent aqueous media [16] and no photodamage was observed
throughout the spectroscopic and microscopic measurements under these illumination
intensities. Even with a lower peak intensity under the 2GHz laser excitation, almost two
orders of magnitude SHG enhancement in muscle fibers was achieved over the generally used
82-MHz one, indicating that this strong enhancement is attributed to the increased repetition
rate. Besides in animal tissues, similar SHG enhancement with this high repetition rate laser
has also been observed in starch granules.

3.2 Real-time SHG microscopy in zebrafish muscular tissues

With this strongly repetition-rate enhanced SHG signal and lower peak intensity, real-time
SHG microscopy becomes redlizable. For real-time imaging measurement, we use muscle
fibers in live zebrafish larvae. Figure 2 shows the real-time in vivo SHG sectioned image
series of moving zebrafish muscle fibers taken with the 2-GHz repetition rate Ti:sapphire laser.
Individual sarcomeres can be visualized through the in vivo SHG images with a bright A-band
and a dark |-band as a period. The average power incident on fish muscle fibers was 150-mW,
corresponding to a 75-pJ pulse energy and a ~0.06 TW/cm? peak intensity with a 60X/NA1.2
water immersion objective. This peak intensity is at least one order of magnitude smaller than
the peak intensity threshold for the loss in cell viability demonstrated by Konig et al. [15]
while the average incident power, however, is one order of magnitude larger than that in ref.
15. In consequence, no photodamage can be observed while the fast movement of live muscle
fibers can bein vivo traced in real time. Furthermore, the contraction of muscle fibersinside a
vertebrate can also be monitored in real-time through SHG microscopy, which is the first time
to our knowledge. According to our result, the maximum contraction of each sarcomere is
~100-nm, which is approximately 5% of its total length. Due to the speed limitation of the
galvanometer scanners in FV300, the maximum frame rate is ~ 15 frame per second (fps) for
images with 100x512-pixel resolution (4-fps for 512x512-pixel resolution), which was used in
Fig. 2.

A AR R -
Fig. 2. (705 KB) Real-time (15 fps) SHG microscopic imagesin live
zebrafish muscular tissue with the 2-GHz, 150mW Ti:sapphire laser.

Fig. 3. (1182 KB, 800 KB) Time series of SHG in vivo microscopic images in live fish muscle tissue
with the 82-MHz, 115mW Ti:sapphire laser showing the dramatic optical damage induced by the
excessively strong peak intensity. Scale bar: 10 um.

On the other hand, if we used the conventional 82-MHz Ti:sapphire laser with a similar
average incident power (115-mW), the corresponding pulse energy and peak intensity will be
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as high as 1.4-nJ and 1.6 TW/cm?, respectively. Under this extremely strong incident optical
field, most biological materials will suffer from violent nonlinear photodamage in company
with bubble formations. This destructive process in live zebrafish muscles can be observed in
Fig. 3. In both image series, the PMT voltage was decreased a little to avoid signal saturation
since the signal intensity is more than 10-fold stronger than that in Fig. 2. This strong signal
intensity is of course enough for real-time microscopy applications; only that irreversible
strong photodamage will come along. The frame rate in Fig. 3(a) is aso 15 fps, adequate to
show the dynamics during the breakdown of muscle fibers. It can be observed that the optical
damage occurs in less than one second after the onset of laser irradiation. A bubble can be
seen clearly after 2-s irradiation and one of the muscle fibers has been totally destroyed.
Figure 3(b) shows alarger view on the dramatic nonlinear photodamage process with a slower
acquisition rate.

Fig. 4. The SHG microscopic image in fish muscle tissue with the 82-MHz, 8mwW
Ti:sapphire laser. With the same parameter settings as those in Fig. 2, only noise can be
seen. Scale bar: 10 um.

If the pulse energy of the 82-MHz laser was attenuated to the safety region (100-pJ)
approximately the same as that of the 2-GHz laser in the previous experiments as shown in
Fig. 2 (with a higher peak intensity 0.11-TW/cm?), the average power will decay to only ~8-
mW, which is a commonly accepted power level when implementing nonlinear microscopy
with femtosecond Ti:sapphire lasers. However, with identical measurement parameter settings
asin Fig. 2 (including PMT voltage, black and white levels, and frame rate), no SHG from
muscle fibers can be observed at all in the scanning image as shown in Fig. 4.

4. Conclusion

We demonstrated an approach to realize the first PMT-based real-time SHG microscopy. The
tradeoff between desired high SHG intensity and unwanted nonlinear photodamage can be
best balanced by increasing the repetition rate of the applied femtosecond infrared laser. With
identical pulse energy and slightly lower peak intensity for pulses from the high repetition rate
laser, the mean power of emitted SHG will be strongly enhanced due to high excitation
repetition rate while no nonlinear photodamage will take place if we keep the peak intensity
well below the damage threshold. While acquiring dynamic images with nonlinear
microscopy, pixel dwelling time must be long enough for the detector to collect sufficient
photons. As aresult, increasing the repetition rate and thus increased nonlinear signal intensity
can efficiently reduce the pixel dwelling time as well as the acquisition time per frame. That is
to say, by increasing the repetition rate of femtosecond laser pulses, average SHG signal
intensity could be significantly improved due to the higher tolerable average fundamental
intensity while the probability of nonlinear photodamage is reduced due to the under-
threshold peak intensity and pulse energy, resulting in real-time in vivo noninvasive SHG
microscopy capability. Moreover, this technique can be coupled with any other fast-scanning
scheme to improve the contrast and the acquisition rate of the system.
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