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Abstract: We developed a low-cost, low-noise, tunable, high-peak-power,
ultrafast laser system based on a SESAM-modelocked, solid-state Yb
tungstate laser plus spectral broadening via a microstructured fiber followed
by pulse compression. The spectral selection, tuning, and pulse
compression are performed with a simple prism compressor. The output
pulses are tunable from 800 to 1250 nm, with the pulse duration down to 25
fs, and average output power up to 150 mW, at 80 MHz pulse repetition
rate. We introduce the figure of merit (FOM) for the two-photon and multiphoton imaging (or other nonlinear processes), which is a useful guideline
in discussions and for designing the lasers for an improved microscopy
signal. Using a 40 MHz pulse repetition rate laser system, with twice lower
FOM, we obtained high signal-to-noise ratio two-photon fluorescence
images with or without averaging, of mouse intestine section and zebra fish
embryo. The obtained images demonstrate that the developed system is
capable of nonlinear (TPE, SHG) imaging in a multimodal operation. The
system could be potentially used in a variety of other techniques including,
THG, CARS and applications such as nanosurgery.
©2014 Optical Society of America
OCIS codes: (320.7160) Ultrafast technology; (320.7090) Ultrafast lasers; (180.4315)
Nonlinear microscopy.
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1. Introduction
Many applications such as multiphoton imaging [1], nanosurgery [2–5], and nanostructuring
[6], require low-cost, compact, tunable, and high-peak-power ultrafast lasers. Compared to
commercial Ti.Sapphire based lasers [7], commonly used for multiphoton imaging, Yb based
lasers [8] enable direct diode pumping of high power ultrashort pulse lasers. The direct diode
pumping drastically lowers the complexity of the laser, resulting in higher reliability and a
cost-effective laser.
However, the drawback of Yb based ultrafast oscillators for biomedical imaging is their
limited emission bandwidth and therefore the laser tenability [9,10]. The limited tunability
could be addressed by a proper choice of a subsequent nonlinear fiber system.
Microstructured or photonic crystal fibers [11] are typically used for spectral broadening and
supercontinuum generation [12]. Nowadays, the photonic crystal fibers are matured
technology and they are commercially available as standard fiber patchcords with standard
connectors and a jacket protection [13].
When compared to laser central wavelength at 800 nm, the central wavelength above 1
micron is beneficial for multiphoton imaging and cell surgery owing to less scattering for
most biomedical tissues [14,15]. These wavelengths could be challenging or impossible to
reach with Ti:Sapphire based laser systems. In addition, the excitation wavelength above 1
micron, compared to 800 nm excitation wavelength, facilitates the detection due to higher
camera sensitivities for the SHG and THG imaging modalities [16].
The Yb oscillator features low noise, robust self-starting, and long-term stability owing to
SESAM modelocking [17] mechanism, already well-established in the ultrafast laser
community. The low noise and long-term stability oscillator characteristics are critical for the
low noise and long-term stability output from the highly nonlinear fiber, used for multiphoton
imaging.
There are a number of laser parameters important to consider when optimizing the signal
in multiphoton microscopy. Here we introduce the figure of merit (FOM) for the lasers used
in multiphoton microscopy. The FOM narrows down the number of laser parameters
important to estimate the highest microscopy signal and therefore facilitates the discussions,
comparison and estimates about the various lasers for non-linear microscopy.
Finally, we demonstrate the developed laser system potential for nonlinear microscopy
[18] by obtaining high-signal-to-noise ratio (SNR) two-photon excitation fluorescence
(TPEF) images of a mouse intestine section labeled with different dyes. This laser system
enables both multimodal microscopy and nanosurgery and should have advantages in
wavelength and peak power over the typically used laser systems [5].
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2. Laser system description
The tunable laser system layout is depicted in Fig. 1. The high-power, low-noise, SESAMmodelocked, Yb-tungstate, solid-state laser generates 2.5 W of average power, 230 fs pulse
duration, at 1040 nm central wavelength, with 80 MHz pulse repetition rate. The Yb oscillator
output is coupled, after attenuating its average power down to 0.7W, into a highly non-linear
fiber with coupling efficiency up to 90%. The oscillator spectrum is broadened into relatively
smooth spectrum covering 800 to 1250 nm central wavelength range. Subsequently, the
broadened spectrum is sliced and compressed by a standard prism compressor down to 25 fs
pulse duration. The average power of each selected spectral slice is up to 150 mW, for a slice
bandwidth of approximately 100 nm.
230 fs, 2.5 W,
1040 nm, 80 MHz
Yb oscillator

800 – 1250 nm

Micro-structured fiber

30 fs, ≈100 mW
per spectral slice

Spectral selection,
tuning, compression

Output

Fig. 1. The tunable laser system layout.

Figure 2 depicts a typical total laser system output. The black curve in Fig. 2(a) represents
the whole broadened spectral output, while the red curve shows one selected spectral slice
with FWHM of approximately 100 nm, centered at 960 nm. The spectral selection and tuning
is performed with a slit in the prism compressor. The slit width, defining the spectral width is
optimized for the shortest pulse without excessive side pulses or wings.

Fig. 2. (a) The total spectrally broadened laser system output (black curve) and selected
spectrum with FWHM of approximately 100 nm, centered at 960 nm (red curve). (b)
Aurocorrelation of the pulse, compressed down to 25 fs pulse duration.

In Fig. 2(b) we demonstrate the compressibility of a selected spectral slice. The spectral
slice shown in Fig. 2(a) (red curve) is compressed to pulse duration of 25 fs. Figure 2(b)
depicts the second harmonic generation intensity autocorrelation trace corresponding to pulse
duration of 25 fs, assuming sech2 pulse shape. Low level pulse wings are present in the
autocorrelation trace owing to the third order dispersion that is not perfectly compensated.
The tunability and compression of the selected spectral slices are shown in Fig. 3. For the
majority of the broadened spectral range, the pulses preserve a high degree of coherence and
are compressed to approximately 30 fs pulse duration. The maximum average power is
obtained at λ = 1150 nm, consistent with a region of high spectral density in the broadened
spectrum in Fig. 2(a). The tunability of the laser system is limited by the width of the
broadened spectrum after the microsctructured fiber.
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Fig. 3. Compressed laser system output pulse average power and duration versus central
wavelength for a 100 nm selected spectral slice.

3. Figure of merit (FOM)
To optimize the laser parameters for multiphoton imaging, we propose a figure of merit
(FOM) for the detected signal in the two-photon fluorescence microscope (TPF signal), which
is proportional to the average power of the second harmonic signal. The main laser
parameters are: average power Paverage, pulse duration τ, pulse repetition rate R and the central
wavelength λ. One can calculate the pulse peak power Ppeak as follows:

Ppeak =

Paverage
Rτ

(1)

The peak power of the second harmonic signal (or two-photon fluorescence signal) is:

Ppeak ( 2ω ) = kPpeak 2 (ω )

(2)

where k is a constant factor. If one plugs Eq. (2) into Eq. (1) and solves it for average power
of the second harmonic, the repetition rate and the pulse duration cancel out in the FOM
expression, narrowing down from 4 related laser parameters to 2:

FOM ≈ Paverage ( 2ω ) ≈ Paverage (ω ) Ppeak (ω )

(3)

Thus, one can increase the TPF microscopy signal by increasing the peak or average power of
the IR (fundamental) laser beam. A FOM with 2 instead of 4 (related) laser parameters helps
in optimization of the laser design for a particular multiphoton application. Furthermore, one
can generalize the FOM for the n-photon nonlinear process:
(4)
FOM n ≈ Paverage ( nω ) ≈ Paverage (ω ) Ppeak n −1 (ω )
In our system, the peak power of the complete laser system output is limited by the fiber
damage. While keeping the laser output peak power constant, we can increase the oscillator
repetition rate twice and increase the oscillator average power twice. Therefore, compared to
40 MHz, the 80 MHz system increases twice the figure of merit (FOM) for TPF imaging.
In Fig. 4 we map the FOM of our 40 MHz system used for imaging (50 mW, 30 fs), the
optically pumped VECSEL [18] (287 mW, 1.5 ps, 500 MHz), our 80 MHz Yb oscillator
output prior to the fiber (2.5 W, 230 fs), and a typical Ti:Sapphire oscillator (2 W, 100 fs, 80
MHz). Our imaging system exhibits FOM of 2100 W2, almost 20 times higher than the OP
VECSEL with FOM of 110 W2, sufficient for TPE imaging [18]. Yb and Ti:Sapphire
oscillators with FOM of 340 000 W2 and 500 000 W2 must be strongly attenuated to prevent
tissue damaging.
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10 MW

Peak power

1 MW

Ablation
Photodamage

Ti:Sapphire
Yb oscillator

100 kW
10 kW

our laser
Melting

1 kW
100 W

Doubling rep rate, doubling
average power, keeping
peak power constant

Burning
VECSEL
Shortening pulsewidth

10 W

10 mW 100 mW 1 W

10 W

100 W

Average power
Fig. 4. Figure of merit (FOM) map of our imaging laser system, optically pumped VECSEL
[18], our Yb oscillator, and a typical Ti:Sapphire laser. Regions in red correspond to FOMs not
suitable for imaging due to different power-related effects.

4. Two-photon fluorescence (TPF) imaging
We used an Yb oscillator laser unit with 40 MHz pulse repetition rate for TPF imaging. The
rest of the system was the same, as depicted in Fig. 1, but the final output average power was
only up to 70 mW. With the 80 MHz repetition rate lasers system the FOM would be twice
higher. Therefore, the images are expected to be brighter or faster imaging would be feasible.
However, even with the 40 MHz laser we obtained excellent images and demonstrated the
laser potential for multiphoton, multimodal imaging.
A spectral slice centered at 960 nm, with 50 mW of average laser output power, was used
to obtain TPF images of a mouse intestine section, as shown in Fig. 5. Mouse intestine was
labeled with Alexa Fluor 350 WGA (mucus of goblet cells), Alexa Fluor 568 phalloidin
(filamentous actin prevalent in the brush border), and SYTOX Green nucleic acid stain
(nuclei of goblet cells). The average power at the microscope sample plane was 5 mW.

Fig. 5. Spectrally resolved image of mouse intestine section without averaging (left), and with
10 frames averaging (right). Alexa Fluor is depicted green and SYTOX Green red.

The images are acquired without (Fig. 5 left) and with 10 frames averaging (Fig. 5 right).
At the used wavelength it was possible to excite Alexa Fluor 568 (one photon absorption peak
at 579 nm) and SYTOX green (one photon absorption peak at 504 nm), while the excitation
wavelength was out of range of the absorption peak for Alexa Fluor 350, at 343 nm. Even
though the wavelength was not optimized for the dyes absorption peaks, the resulting images
feature a high signal-to-noise ratio (SNR), due to the system compressor ability to adjust for
the highest peak power (shortest pulse) at the sample plane of the microscope. The ability to
obtain such a high SNR images without averaging demonstrates the laser system potential.
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Fig. 6. Fixed zebra fish embryo imaging with the residual oscillator beam. Single frame image,
without averaging is shown on the left, and with 10 frames averaging on the right.

The residual part of the oscillator beam, which is not coupled into the microstructured
fiber is used for imaging at 1040 nm. Spectrally resolved image of zebra fish embryo is
shown in Fig. 6 with single frame image, without averaging on the left, and with 10 frames
averaging on the right. In this case the power at the sample plane was 50 mW. The zebra fish
embryo was labeled using Td:tomato, with an absorption peak at 554 nm. Therefore, the
oscillator wavelength was ideally suited for imaging purposes, resulting in high quality
images.
5. Summary
We have developed a relatively simple and potentially low-cost laser system consisting of a
high power, low-noise, SESAM modelocked Yb-doped solid-state laser, coupled into a
micro-structured fiber, followed by a simple prism compressor performing also the spectral
selection. Compressibility of the output laser pulses to 30 fs within the tunable range of 800
to 1250 nm, demonstrates the high degree of coherence in the generated continuum.
We introduced a figure of merit (FOM) for the lasers used for nonlinear microscopy,
which is a product of peak and average power of the fundamental beam, for the two-photon
processes.
Using this novel laser system, we have performed high signal-to-noise ratio TPF imaging
of a mouse intestine section with 30 fs pulse duration, 5 mW average power at the sample
plane, at 960 nm. Zebra fish embrio is imaged with 50 mW at the sample plane, at 1040 nm.
In the future, we will develop Yb:CALGO [19,20] material oscillator instead of Yb
tungstate, and achieve shorter sub-100 fs pulses from the oscillator with higher repetition rate.
Shorter pulses will generate broader spectrum and increase the tunability range. The higher
pulse repetition rate will increase the FOM of the laser resulting in increased multi photon
microscopy signal. From the microscopy aspect, the system is especially suitable for
nonlinear imaging followed by the cell surgery of the identified targets. Here, imaging can be
performed by the tunable 30 fs pulses, while the residual oscillator beam at 1040 nm with
average power of 1 W can be used for cell surgery, which requires higher peak power.
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