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HIGHLIGHTS

® A Pr:YLF-based single-frequency orange laser at 607 nm has been first demonstrated.
® A Pr:YLF-based single-frequency orange laser at 604 nm has been first demonstrated.

® The single-frequency orange lasers have potential application in biomedicine.
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We report on blue diode-pumped single-frequency Pr:YLF lasers in orange spectral region, for the first time to the
best of our knowledge. For a single-frequency o-polarized 607 nm laser, a maximum output power up to 175 mW
is achieved with a slope efficiency of about 16.6%. Linewidth of the 607 nm single-frequency laser is measured
to be about 6 MHz. Single-frequency operation has also been obtained at s-polarized 604 nm laser with a

maximum output power up to 91 mW and a slope efficiency of about 8.9%. The corresponding linewidth of the
604 nm laser is about 22 MHz. The two single-frequency orange lasers exhibit wavelength tuning ranges of about
0.15 nm and 0.35 nm, respectively. This work has proposed the simplest way for single-frequency laser gen-
eration in orange spectral region, which could be obtained by complicated and low-efficiency sum-frequency
mixing of Nd®* lasers. This work paves a practical way for various orange-related applications.

1. Introduction

Visible single-longitudinal-mode (SLM) laser sources have a lot of
important applications in precision metrology, holography and high-
resolution spectroscopy [1-5]. For realizing continuous-wave visible
SLM lasers, the traditional and commonly used method resorts to
nonlinear frequency conversion, which have already led to SLM laser
generation in red [6], green [7,8], blue [9]. Note that all these SLM
lasers have been achieved via frequency doubling, which has the
highest efficiency among all the nonlinear frequency conversions. In
general, the extra step of nonlinear frequency conversion requires a
finely temperature-controlled nonlinear crystal, which finally leads to
the laser system suffering from high complexity, high cost and reduced
efficiency and robustness. Moreover, orange at around 600 nm as one of
the important visible wavelength region is indeed unavailable via fre-
quency doubling of Nd®>* lasers because no fundamental wave at
~1.2 um could be found from Nd**-doped materials. Sum-frequency
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generation is possible to generate orange lasers. For example, in 2000,
Spiekermann et al. reported a 596 nm SLM orange laser with a max-
imum output power of 16.7 mW by sum-frequency mixing of two SLM
Nd:YAG infrared lasers at 1064 nm with power of 1 W and 1357 nm
with the same power [10]. This is still the only one that reported Nd3*-
based SLM orange laser, to our knowledge. However, the low-efficiency
sum-frequency generation makes such SLM source is hard for practical
application.

A more ideal route for visible laser generation, especially for SLM
visible lasers, is to generate them directly, i.e. no need the extra non-
linear frequency conversion. It is well-know that trivalent praseody-
mium (Pr**) has suitable energy level scheme that allows Pr** lasers
operating in visible spectral region [11-13]. Through the selection to
longitudinal mode or the elimination of spatial hole burning effect,
Pr*-doped lasers could directly realize visible SLM operation. How-
ever, to date, it has been rarely reported on the direct generation of
Pr3*-doped visible SLM lasers. Very recently, Luo et al. [14] reported a
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diode-pumped SLM Pr:YLF red laser at 640 nm with a twisted-mode
cavity. It should be pointed out that red laser with high power and
efficiency is still available by frequency doubling of 1.3-um Nd*™ lasers
or by diode lasers. However, for orange laser, especially for SLM orange
laser, it seems more advisable to operate it directly from Pr®* orang
emission corresponding to *P, — >H, transition if considering the low-
efficiency sum-frequency generation and even no diode laser emitting
at this spectral region. In fact, in 2008, pumping with a Ti-Sapphire
laser at 821 nm, a SLM upconversion Pr,Yb:BaY,Fg laser at 607 nm was
already obtained with a 12 mW of output power at a pump power of
2.5 W [15]. However, suffering from the low-efficiency upconversion
mechanism, this result is even worse than the aforementioned one with
sum-frequency generation.

With the development of biomedicine, compact SLM orange laser
with high output power and efficiency are becoming more and more in
demand. For example, low-noise orange laser has potential application
as an excitation source for fluorescent probe in flow cytometer [16].
Pr:YLF, as the most attractive laser material for visible laser emissions,
has provided quite intense emission at 607 and 604 nm orange lines
with emission cross sections of about 14 x 1072° cm? and
10 x 10~2° ¢cm? [17,18]. In this work, we report the first demonstra-
tion of diode-pumped Pr:YLF SLM orange lasers at o-polarized 607 nm
and m-polarized 604 nm.

2. Experimental details

Experimental setup of the SLM Pr:YLF orange lasers is shown
schematically in Fig. 1. An InGaN diode laser emitting at 444 nm is used
as the pump source. The pump beam was focused by a 50-mm (focal
length) focusing lens into the laser crystal. The resonator has a simple
two-mirror plane-concave configuration. The input mirror (IM) is a flat
mirror with high-transmission coating of about 92% at pump wave-
length. Moreover, the IM has a high reflection of about 99.9% at the
considered orange laser wavelengths and more than 78% of transmis-
sion at 640 nm to suppress this high-gain emission. The output coupler
(OCQ) is a concave mirror with a radius of curvature of 100 mm and
coated with a partial transmission of about 3.5% at the considered
orange laser wavelengths. The physical length of the laser cavity was
finally optimized to about 98 mm for laser operation.

The laser gain medium is an uncoated a-cut Pr:YLF crystal with
dimensions of 3 X 3 x 6 mm?®. Dopant concentrations of this Pr:YLF
crystal is 0.5 at.%. Pump absorption ratio of this crystal is about 65%.
Moreover, to protect this crystal from thermal fracture, we wrapped it
with indium foil and then mounted it inside a water-cooled copper
block with temperature set at 16 °C. Additionally, to operate SLM laser,
we used two BK7 glass thin plates as Fabry-Pérot (F-P) etalons with
thicknesses of 1 mm and 0.15 mm.

3. Results and discussion

When the Pr:YLF laser was operated in free-running mode, we have
achieved a continuous-wave orange laser at 607 nm with a maximum
output power of 376 mW at an absorbed power of 1460 mW and the
laser threshold is about 140 mW, as shown in Fig. 2. The optical-to-
optical efficiency is about 25.7% at maximum and slope efficiency of
the laser is 28.3%. Note that the slope efficiency is very close to the
previously reported results with slope efficiencies of 30.6% [15] and

Fig. 1. Laser experimental setup of diode-pumped orthogonally polarized SLM
Pr:YLF laser at 604 nm and 607 nm.
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Fig. 2. Output power versus absorbed power for free-run 607 nm laser; inset:
laser spectrum and the whole optical-optical efficiency.

32% [12]. We noticed that in all these works 0.5 at.% doped Pr:YLF
crystal were used. However, with a 0.2 at.% doped Pr:YLF crystal, we
have ever obtained a slope efficiency of 42% [16]. Hence, we ascribe
the relatively low efficiency to relatively high dopant concentration of
the used Pr:YLF crystal. High dopant concentration increases the
probability of nonradiative cross-relaxation processes. Moreover, as we
know, Pr:YLF crystal has reabsorption effect at orange, which results in
high reabsorption loss if the dopant concentration is high. Furthermore,
we estimate the intracavity round-trip loss L by using the following
expression

) T
Ny = A_anne T+L @
where n, is the slope efficiency; A, and A, are the pumping wavelength
and laser wavelength, respectively; n, is the excitation quantum effi-
ciency, i.e. the fraction of excited ions per absorbed pump photons,
which can be assumed to be equal to unity; T is the transmission of
output couplers; L is the intracavity round-trip loss and 1 is the average
mode overlap between the pump beam and the cavity laser beam in the
laser crystal, which can be estimated to be about 82% by using the same
calculating steps as shown in Ref. [19]. Substituting the relevant
parameters values into this expression, we can readily calculate the
intracavity round-trip loss to be about 3.9%, which indicates a mod-
erate loss for the present laser. In this work, all results were achieved
under the present experimental condition with available optical com-
ponents. We have not made effort on power scaling, which will be our
next investigation.

The laser output light spectrum is shown as an inset in Fig. 2. The
peak wavelength is at 607.32 nm and its FWHM is about 0.19 nm,
measured with an optical spectrum analyzer with resolution of 0.08 nm.
The longitudinal mode spacing can be simply calculated to be about
0.00183 nm (1.48 GHz). Thus, the present 607 nm orange laser con-
tains about 104 longitudinal modes. We measured the stability of the
maximum output power to be about 3.1% in 20 min, which indicated
there existing a moderate multimode competition.

A common way to achieve SLM laser is to insert, within the cavity,
one or more etalons [20-22]. In this experiment, we have considered
the realization of compact and cost-effective SLM laser operation by
inserting two etalons with thicknesses of 1 mm and 0.15 mm. The thick
etalon is required to discriminate against adjacent longitudinal modes
of the cavity. The thin etalon must then discriminate against the ad-
jacent transmission maxima of the thick etalon. Note that, at the same
time, usage of the etalons is of advantage for wavelength tuning.
Transmission of an etalon can be written as
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Fig. 3. The individual transmissions of F-P etalons with thicknesses of 1 mm
and 0.15 mm (dashed curve) and combined transmission of two etalons (solid
curve).
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where R is the reflectivity for one surface of etalon, n and [, the re-
fractive index and thickness of etalon, A the wavelength, and 6 the
refraction angle inside the etalon. It is clear that the tilt angle is a
crucial factor that affects the transmission of some a potential laser
emission. We further plots the specific transmission curves of our case
in Fig. 3. The two dashed lines show the individual transmissions of the
two etalons and the solid line stands for the final transmission after the
two etalons, i.e. combined transmission. From this figure, one can see
that the maximum transmissions of the etalon group is determined by
the thinner etalon. However, the etalon group has a far larger trans-
mission difference, similar to the thicker etalon, than the thinner
etalon. As a result, the etalon group has enhanced capacity in wave-
length discrimination. We can adjust the angle of the etalons and make
sure only one mode is in the peak of the transmission and has the
highest gain whereas the other modes suffer high losses and are sup-
pressed.

During the experiment, we first inserted the 0.15-mm etalon into the
laser cavity. Under this situation, the maximum output power reduced
to 293 mW. Then, using a scanning F-P interferometer (SA200-5B,
Thorlabs) with a FSR of 1.5 GHz and resolution of 7.5 MHz, we ob-
served the longitudinal mode at maximum output power, as shown in
Fig. 4, from which one can see that the laser is very close to SLM

Fig. 4. A F-P interferometer scanning spectra of 607 nm laser with much re-
duced longitudinal mode numbers under the introduction of the 0.15-mm
etalon.
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Fig. 5. Output power versus absorbed power of the SLM laser at 607 nm; Insets:
the corresponding laser spectrum.

operation. To ensure a real SLM operation, we then inserted the 1-mm
etalon vertically into the laser resonator. By further finely tuning the
0.15-mm etalon, we have firstly operated the SLM operation at 607 nm
and the laser performance is shown in Fig. 5. The maximum output
power is 175 mW with a slope efficiency of 16.6%. The corresponding
laser spectrum shows a peak at 606.89 nm with FWHM of about
0.036 nm. The peak wavelength shift should be explained by the wa-
velength-dependent transmission of the etalons. Compared with mul-
timode operation, the single-frequency laser performance (output
power and efficiency) is mainly degraded owing to additional losses of
the etalons. The FWHM measurement may be limited by the resolution
of the optical spectrum analyzer (OSA).

The longitudinal mode of the Pr:YLF laser was monitored by the
scanning F-P interferometer. Fig. 6 shows the measuring results of the
interferometer at maximum output powers of the 607 nm laser. The
stable scanning spectrum with adjacent frequency spacing of 1.5 GHz
indicate the lasers operating in SLM state. The details, as shown in
Fig. 6 (b), show the linewidth of the 607 nm laser to be about 6 MHz
corresponding to about 7.3 x 10 ® nm, which is far smaller than
0.036 nm as the above measured value with the OSA. Therefore, this
result clearly indicates that resolution of the OSA is not enough as we

Fig. 6. (a) F-P interferometer scanning spectrum and (b) linewidth measure-
ment of the 607 nm SLM laser.
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Fig. 7. Output power versus absorbed power of the SLM laser at 604 nm; Insets:
the corresponding laser spectrum.

Fig. 8. (a) F-P interferometer scanning spectrum and (b) linewidth measure-
ment of the 604 nm SLM laser.

mentioned above. In fact, the linewidth measurement could also be
limited by resolution of the F-P interferometer. So, real linewidth of the
achieved 607 nm laser might narrower than 7.3 x 10~ ° nm.

By tilting the 0.15-mm etalon slightly, we found that the lasing
wavelength of the 607 nm laser can shift to 604 nm. For the SLM
604 nm laser, the achieved maximum output power is 91 mW and the
slope efficiency is linearly fitted to be about 8.9% (see Fig. 7). The laser
spectrum peaks at 604.13 nm. Fig. 8 shows the scanning result of the
604 nm laser with a linewidth of about 22 MHz corresponding to about
2.7 X 107> nm. The wavelength shift from 607 nm to 604 nm should
be explained by the introduction of the etalon group, which led to
suitable intracavity loss difference for the two emission lines. In fact,
according to our calculation, just by tilting the 0.15-mm etalon to an
angle of about 4.5° (angle 0), the etalon group provides a transmission
of 100% for 604 nm line while a transmission of about 76.8% for
607 nm line, i.e. a transmission difference of about 23.2%.

One may notice that the power data shown in Fig. 7 and even in
Fig. 5 are not so linear compared with that achieved from free-run laser
operation as shown in Fig. 2, which should be explained by the inser-
tion of the etalon. To ensure stable operation of the two single-fre-
quency lasers from thresholds to maximum output powers, we must
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carefully re-orientate the etalon at each output power, which led to the
whole power data deviating from linearity. However, for the two single-
frequency laser operation (607 nm and 604 nm), their maximum output
powers are quite stable with power stabilities of about 0.5% (607 nm
SLM) and 0.7% (604 nm SLM). Moreover, no obvious mode hopping
can be found for all the SLM lasers by observing the resolution-limited
optical spectrum analyzer.

Last but not least, it is worthwhile to report that the two SLM orange
lasers both exhibit a certain wavelength tunings by slightly titling the
0.15-mm etalon. The tuning ranges are respectively to be about
0.15 nm for the 607 nm SLM laser and 0.36 nm for the 604 nm SLM
laser.

4. Conclusion

In conclusion, we have demonstrated diode-pumped SLM Pr:YLF
lasers at 607 nm and 604 nm. The two single-wavelength SLM lasers at
607 nm and 604 nm were achieved with maximum output powers of
175 mW and 91 mW. Their linewidths were also measured to be about
6 MHz and 22 MHz, respectively. Wavelength tunings of the two SLM
lasers were obtained with ranges of 0.15 nm for the 607 nm emission
and 0.35 nm for the 604 nm emission. Power scaling of the present
orange SLM lasers could be confidently realized by optimizing optical
quality of the laser crystal, dopant concentration and length of the laser
crystal. This work presents a simple way for realizing orange SLM laser
for potential applications.
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