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Watt level yellow emitting lasers are interesting for medical applications, due to high hemoglobin absorption, and
for efficient detection of certain fluorophores. In this paper we demonstrate a compact and robust diode based
laser system in the yellow spectral range. The system generates 1.9 W of single frequency light at 562.4 nm, by
cascaded single pass frequency doubling of the 1124.8 nm emission from a distributed Bragg reflector (DBR)
tapered laser diode. The absence of a free space cavity makes the system stable over a base-plate temperature
range of 30K. At the same time the use of a laser diode enables modulation of the pump wavelength by controlling
the drive current. This is utilized to achieve a power modulation depth of >90% for the second harmonic light, with

arise time <40 ps.

OCIS codes: (140.3515) Lasers, frequency doubled; (140.3480) Lasers, diode pumped; (140.7300) Visible lasers.
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1. Introduction

For decades, lasers in the green spectral region have been
dominated by a wavelength of 532 nm due to its ease of access through
frequency doubling of the 1064 nm emission from Nd:YAG crystals.
For just as long there has been an interest in moving into the yellow or
even orange spectral region, where there is a decrease in tissue
scattering and melanin absorption[1]. Within flow cytometry, yellow
emitting lasers can give access to previously unavailable
fluorophores[2], and 561 nm lasers in particular have demonstrated
an increase in the sensitivity of the detection of certain fluorophores|3].
The yellow-orange spectral region has also attracted attention within
biomedical optics for photocoagulation[4], imaging[5, 6] and cancer
treatment[7].

Today, yellow emitting lasers are produced using a range of
technologies. Non-linear frequency converted diode pumped solid
state (DPSS) lasers have produced powers greater than 1 watt at
several wavelengths in the yellow-orange spectral range[8-10].
Unfortunately, they have a relatively low optical conversion efficiency
(~10%), and therefore cannot run without water cooling. DPSS lasers
emitting directly in the visible spectral range are possible using
different Pr3+, Sm3+, Dy3+ and Tb3* doped crystal host materials[11]. At
607 nm an output power of up to 1.8 W has been demonstrated when

the laser was pumped with a frequency doubled optically pumped
semiconductor (OPS) laser[12]. In Tb3* doped fluorides up to
approximately 100 mW has been demonstrated at around 585
nm|[13]. Direct diode pumping has, however, resulted in significantly
lower efficiency[11]. A significantly higher continuous wave (CW)
power of 20 W has been demonstrated using OPS lasers[14]. However,
these lasers suffer from the same drawbacks as the DPSS lasers.
Another option is fiber lasers, but these tend to be either low
power[15], pulsed[16, 17] or very complex[18] systems. Furthermore,
a diamond based Raman laser have been demonstrated to emit pulsed
light at 573 nm with a high conversion efficiency of 84% of the incident
Q-switched laser light at 532 nm [19]. However, the need for pumping
by a Q-switched laser limits the usability of such an approach.

For many applications, the ideal light source would be a laser diode
due to its very small size, high efficiency and low cost. Recently,
demonstration of laser operation in the yellow spectral range has been
demonstrated in BeZnCdSe and InAlGaP devices with an output power
of a few mW [20, 21]. However, laser diodes in the yellow-orange
spectrum with watt-level output powers have so far eluded
researchers. In the near infrared (NIR), on the other hand, tapered
laser diodes are becoming commercially available. These laser diodes
combine single frequency operation with output powers up to 8 W at
1120 nm[22]. Similar laser diodes with even longer wavelengths are
also currently being developed[23]. These tapered laser diodes have
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been used to generate 550 mW at 561 nm using a planar waveguide in
a non-linear crystal[24]. Waveguides in non-linear crystals enable high
conversion efficiency[25], but suffer from power loss due to low
coupling efficiency, scattering losses and decreased efficiency at high
powers due to localized thermal effects[26]. To our knowledge the
highest power achieved by frequency doubling the emission of a laser
diode using waveguides in non-linear crystals are 860 mW for a
channel waveguide[27] and 1.07 W for a planar waveguide[28].

In this paper we present a 1.9 W single frequency laser system at
562.4 nm, by single pass cascaded frequency doubling of the emission
of a tapered laser diode. Cascaded frequency doubling is highly
efficient, with second harmonic (SH) output powers even exceeding
the sum of the SH powers achievable from each crystal individually.
For a thorough description of the concept see [29]. Furthermore, we
show that the simplicity of our system leads to a high thermal stability,
thereby removing the need for water cooling. Combined with the small
footprint of just 183 x 114 x 50 mm3, this makes the laser system ideal
for integration in larger systems.

2. Setup and Results

The experimental setup used for generating 562.4 nm light by direct
frequency doubling of the emission of a 1124.8 nm laser diode is
shown in Fig. 1. The laser diode is a tapered laser diode similar to the
ones described in [22]. It is a monolithic device consisting of two
sections: a ridge waveguide (RW) with a distributed Bragg reflector
(DBR), and a tapered amplifier (TA). The chip is mounted with the
epitaxial side up and the RW and TA sections are given separate
contacts to allow for individual control of the currents. The laser diode
emits a high power near-diffraction limited beam with 74% of the
power in a Gaussian-like central lobe, and exhibits single-frequency
operation. Due to the astigmatic output of tapered laser diodes two
collimation lenses are used for correction. First the fast axis (vertical) is
collimated using an aspheric lens (L1, f = 2 mm). This lens refocuses the
slow axis (horizontal), which is then collimated using a cylindrical lens
(L2, f=5.8 mm). The beam is passed through an optical isolator (OI) to
protect the laser diode from optical feedback. Mirrors M: and Mz are
plane mirrors used to steer the beam through the first non-linear
crystal, while lens L3 (f = 45 mm) focuses the beam to a waist diameter
of ~85 pm, measured as 1/e2 Both the fundamental beam and the SH
beam generated within the crystal are re-collimated using a concave
mirror (Ms, R=100mm) and passed through a dispersive plate (3 mm
thick BK7) to optimize the phase offset between the two wavelengths,
as described in [29]. The concave mirror Ms, which is identical to Ms,
refocuses both beams into the second non-linear crystal, after which
the fundamental beam is dumped and the second harmonic beam
collimated. Both non-linear crystals are magnesium-oxide doped
periodically poled lithium niobate (PPLN) with a poling period of 8.17
um and a length of 40 mm. The length of the crystal was chosen based
on previous results [29]. All lenses and crystals are AR coated for the
relevant wavelengths and the mirrors are HR coated. The dispersive
plate is placed at Brewster’s angle to minimize reflections. The
components are mounted on a baseplate and enclosed with a lid,
giving the laser system a total size of 183 x 114 x 50 mm3.
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Fig. 1. Sketch of the experimental setup for cascaded frequency
doubling.

The NIR power after the isolator is approximately 5.0 W with the
laser diode operating at 300 mA on the ridge waveguide section, 10 A
on the tapered amplifier and at a temperature of 20°C. Under these
operating conditions, the wavelength of the laser diode is 1124.8 nm.
With a NIR power of 5.0W, 714 mW of second harmonic light is
generated in the first crystal alone, at a crystal temperature of 77.8°C.
Similarly, 857 mW is generated in the second crystal at 79.4°C. In both
cases the measurement is performed by detuning one crystal 20°C
from phase matching and measuring after the collimation lens (L4).
The non-linear conversion efficiency of the two crystals was measured
to be approximately the same. The difference in power is due to
differences in the beam paths through the crystals. With both crystals
phase matched, the cascaded second harmonic power is 1.80 W,
corresponding to 15 % more than the sum of the powers achievable by
the crystals individually. When the currents through the laser diode are
increased to 350 mA and 10.5 A, the NIR power after the isolator
increases to 5.8 W, resulting in 1.93 W of second harmonic light. The
lower conversion efficiency is due to a degradation of the beam quality
at higher powers. At these operation conditions the total power
consumption of the laser head, including heating of the crystals and
cooling of the laser diode, is 30 W, yielding an electro-optical
conversion efficiency of 6.4%.

The spectrum of the second harmonic emission was recorded using
an optical spectrum analyzer (OSA) and is shown in Fig. 2. The figure
shows that the laser system exhibits single frequency operation with a
linewidth of less than 3 pm.
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Fig. 2. Spectrum of the second harmonic light. The sidemodes seen at -
18 dB are artifacts from the spectrum analyzer.




The M2 of the 562.4 nm light was measured to be 1.32 in the
horizontal axis and 1.37 in the vertical axis, see Fig. 3. The
measurement was performed with a Spiricon M2-200s beam profiler
from Ophir Photonics.
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Fig. 3. M2 measurement of the second harmonic output. The position
on the x-axis is the distance to the focusing lens (f=300 mm) and the
beam diameter is the second moment diameter. The insert is an image
of the beam in the point indicated by the arrow.

The turn-on behavior of the laser system was also investigated and
even though the crystals were operated at temperatures just below
80°C the laser system could be turned on from cold in just 60s. This is
illustrated in Fig. 4 which shows the output power of the laser system
together with the temperature deviation of the laser diode and the two
crystals from the set-point values. The figure shows that heating of the
crystals is the main limiting factor, it is therefore expected that the 60s
can be significantly reduced with more sophisticated thermal
management.
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Fig. 4. Measurement of the laser system parameters during a start-up
procedure. Both measurements are performed with the laser diode
operating at 20°C, 350 mA ridge currentand 10.5 A tapered current.

Although, the laser system is mounted on a water cooled plate, the
system can be mounted on a forced-air cooled base plate because of its
high temperature stability. This is illustrated in Fig. 5 where the water
temperature was changed, leading to a change in the case temperature.
For this test no active stabilization of the power was performed, but
even so the attainable power output of the laser system remained
above 1.7 W over a 30°C temperature span.
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Fig. 5. Power output of the laser system as a function of case
temperature. The laser system was operated at optimal phase
matching. The temperatures of the crystals and the laser diode were
stabilized, but there was no active stabilization of the power using a
feedback loop. The test was performed over 100 minutes.

One of the advantages of using a single pass, rather than an external
cavity system, is increased stability towards external perturbations.

In another test, the long term power stability of the laser system was
monitored while the output power was actively stabilized using
feedback from a photodiode measuring the second harmonic power.
The output was stabilized using the phase matching conditions of the
laser and crystals, the result of which is shown in Fig. 6. For this test the
case temperature had reached equilibrium. The standard deviation of
the output power over these 250 hours was 0.5%.
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Fig. 6. Output power stability measured over 250 hours with active
stabilization. Here the case temperature is constant.

Modulation frequencies of up to about 50 Hz are of interest within
medical laser treatment. Here, systems based on laser diodes have an



advantage due to the ability to modulate the second harmonic output
power by modulating the current to the laser diode. In principle this
can be done by gain-switching; i.e. turning the laser diode on and off.
But in practice this leads to large thermal fluctuations of the laser diode
chip, which in turn makes the wavelength, and therefore the second
harmonic power, unstable. Alternatively, the wavelength can be
modulated using its dependence on the injection current to the ridge
section, thereby alternating between being close to, and being far from
the phase matching condition of the nonlinear crystals. We used this
approach to generate square second harmonic pulses with repetition
rates ranging from 0.5 Hz to 50 Hz, the results at these two frequencies
are shown in Fig. 7 and 8. The peak to peak modulation of the ridge
current is 55 mA, which in CW operation corresponds to a wavelength
shift of 37 pm. The theoretical full width at half maximum wavelength
acceptance bandwidth of the cascade is 34 pm, assuming plane waves.
The crystal temperatures remain unchanged from the CW case.
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Fig. 7. 0.5 Hz modulation of the second harmonic light by adjusting the
wavelength through the ridge waveguide current.
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Fig. 8. 50 Hz modulation of the second harmonic light by adjusting the
wavelength through the ridge waveguide current.

on the peak. Nevertheless, the on state of the pulse was very stable,
which indicates that the ridge waveguide current is a good control for
the wavelength. As shown in Fig. 7 and 8 a modulation depth >90%
was achieved. Due to a small wavelength drift throughout the pulse, a
tailored waveform was used to obtain square second harmonic pulses.
The current through the ridge waveguide is therefore shown in the top
parts of Fig. 7 and 8. One could in principle perform a deeper
modulation on the current and achieve higher modulation depth.
However, the mode hops of the laser diode were not well defined and
therefore the laser has to be operated within one mode.

To estimate the rise and fall time of the pulse a zoom in on the first
pulse from Fig. 8 is shown in Fig. 9. Here it can be seen that the rise and
fall of the pulse is very regular, and the time it takes for the power to
rise from 10 % to 90 % of the “on” state, or vice versa, is below 50 ps.
This is mainly limited by the power supply which has a similar rise/fall
time. The laser diode is expected to respond on a significantly faster
time scale and with faster electronics it should be possible to achieve
modulation above 10 kHz. This could be useful for medical laser
treatment where micro-pulsing has been of interest. This is due to a
more comfortable treatment without compromising the outcome of
the treatment [30].
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Fig.9.10% / 90% rise and fall time of the second harmonic power. The
curves are a zoom of the rise and fall of the first pulse in the 50 Hz
modulation (Fig. 8). Both the 10% and 90% levels are marked with
vertical dashed lines.

In the cases shown here the modulation was not to maximum
power, but to the flank of the phase matching curve. Modulating only
up to a point on the flank of the phase matching curve shows the
wavelength stability throughout the pulse more clearly than when
modulating to the phase matching peak. This is because the
wavelength derivative of the second harmonic power, dP/d), is zero

A modulation depth of 100% could be achieved with a shutter or
acousto-optic modulator. However, this would increase the size and
cost of the laser. Our technique on the other hand requires no extra
components for modulation and it is, moreover, done without any
moving parts.

3. Conclusion

Using the concept of cascaded frequency doubling, we
demonstrated a compact diode based laser system emitting 1.9 W of
single frequency light at 5624 nm. Furthermore, we have
demonstrated stable operation over a case temperature range of 30K,
without actively stabilizing the output power using feedback from a
photodiode. By tuning the pump wavelength using the current over the
ridge waveguide, we modulated the second harmonic power up to 50
Hz with a modulation depth >90% and a rise time <40 ps. The
combination of high stability, compactness and watt-level power range
means this technology should be of great interest for a wide range of
industries from medical laser treatment to holography.
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