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Abstract

We established a theoretical model of the multi-wavelength Pr: YLF laser at 604 nm, 607 nm and 639 nm based on the F-P
etalon and studied the influence of the F-P etalon insertion angle on the threshold power of different wavelength lasers.
The theoretical results show that by adjusting the insertion angle of a single F-P etalon, direct visible multi-wavelength
laser output with different combinations can be achieved. Based on the guidance of theoretical parameters, we obtained
maximum output powers of 729 mW, 420 mW, 382 mW, and 269 mW for single-wavelength at 639 nm, dual-wavelength at
604 nm&639 nm, 607 nm&639 nm, and triple-wavelength at 604 nm&607 nm&639 nm lasers, respectively, in the experi-
ment. The experimental results agree well with the simulation. This method effectively simplifies the resonator structure and
improves the conversion efficiency, providing a theoretical basis for guiding and optimizing the design of multi-wavelength
laser. Such a visible multi-wavelength integrated laser source will have potential applications in fields such as laser medicine,

color displays, and deep ultraviolet generation.

1 Introduction

Multi-wavelength laser in the 580-650 nm band have been
widely used in various fields such as astronomy [1], laser
medical treatment [2], color displays [3], and deep UV gen-
eration [4]. Especially effective in treating skin vascular dis-
eases [5] and port wine stains [6]. The traditional method of
achieving multi-wavelength laser output is obtaining multi-
wavelength laser in the near-infrared band using compound
resonator structures [7], followed by nonlinear frequency
conversion to achieve visible multi-wavelength laser output
[8, 9]. This method has disadvantages such as low system
efficiency, complex optical path structure, and high cost.
The orange wavelength laser obtained by organic dye lasers
is widely used in laser medicine [10], but this method has
the inherent drawback of the short lifetime. Pr3 + has rich
transition spectra in the visible laser band, eliminating the
need for second harmonic generation, and can directly out-
put laser in the visible laser band [11, 12]. Furthermore, by
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modulating the transmittance loss of different wavelengths
using single F-P etalon, multi-wavelength oscillation can be
achieved [13, 14]. Compared to traditional methods, the F-P
etalon mode selection method can not only achieve oscil-
lation conditions between different modes based on gain
control but also has advantages such as a simple structure,
easy adjustment, and low cost. In 2014, Han Yang et al.
were the first to use blue laser pumped Pr: YLF crystal com-
bined with F-P etalon mode selection method to achieve
multi-wavelength laser output in the visible laser band [15].
The maximum output powers of dual-wavelength laser at
604 nm&639 nm, 607 nm&639 nm, and triple-wavelength
laser at 604 nm&607 nm&639 nm were 49.3 mW, 61.5 mW
and 47 mW, respectively. The paper mainly describes the
experimental results but doesn’t carefully study the theory
of F-P etalon mode selection. In 2019, Qingyu Tian et al.
reported a V-shaped resonator structure Pr:YLF laser [16],
which achieved simultaneous dual-wavelength laser output
at 604 nm and 607 nm using a misaligned folding mirror.
The dual-wavelength laser output power was 438 mW, cor-
responding to a conversion efficiency of 23.9%. In 2020,
Xiuji Lin et al. used an output coupler with tunable transmis-
sion to obtain nearly 1W of dual-wavelength laser output at
604 nm&607 nm [17]. However, at high pump power, laser
emission at 604 nm ceased due to the thermal losses, result-
ing in only single-wavelength laser output at 607 nm.
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This paper proposes a method of free switching of multi-
wavelength laser with different wavelength combinations
at 604 nm, 607 nm and 639 nm, by using only a single
F-P etalon, utilizing the spectral characteristics of Pr:YLF
and wavelength selection technologies of F-P etalon. This
method effectively simplifies the resonator structure and
improves laser conversion efficiency. In terms of theory,
a theoretical model of the multi-wavelength Pr:YLF laser
based on the F-P etalon is established, and the influence
of the insertion angle on the threshold power of different
wavelengths is studied, providing a theoretical basis for
guiding and optimizing the design of direct visible multi-
wavelength laser. In the experiment, guided by theoretical
analysis, free switching of single-wavelength at 639 nm,
dual-wavelength at 604 nm&639 nm, 607 nm&639 nm,
and triple-wavelength at 604 nm&607 nm&639 nm laser
were successfully achieved by simply changing the insertion
angle of a single F-P etalon. The maximum output power of
the triple-wavelength laser was 256 mW, with a conversion
efficiency of 23.4%. The experimental results verified the
accuracy of the theoretical research.

2 Model construction and simulation

The basic principle of the F-P etalon is multiple-beam inter-
ference. When multiple beams interfere with each other, the
laser intensity distribution shows a regular fluctuation, selec-
tive loss is applied to different wavelengths of laser to play a
role in mode selection, thereby achieving multi-wavelength
laser output. The transmittance of a single F-P etalon can be
expressed by the following equation [18]:

1 1
1 + Fsin*(6/2) 14+ Fsin*(2rondcosf/c) M

T(v) =

where F represents the finesse of the etalon, given by

= (lii)z; R is the reflectivity of the etalon; c is the speed
of light; 6 is the phase difference between adjacent wave-
lengths in the etalon's multi-beam interference; v represents
the frequency difference between adjacent energy levels,
given by v = ¢/ 4; n is the refractive index of the etalon; d is
the thickness of the etalon; 4 is the angle of refraction of the
beam inside the F-P etalon.

The energy level of Pr:YLF is shown in Fig. 1. The
stimulated emission spectrum of the Pr:YLF crystal meas-
ured using a fluorescence spectrophotometer(Cary Eclipse,
MY 13450002) are shown in Fig. 2, with high peaks at
604 nm, 607 nm, and 639 nm. However, due to the higher
stimulated emission cross-section at 639 nm, the 639 nm
laser oscillates first, suppressing the oscillation of other
wavelengths. Additionally, the 604 nm laser has high
reabsorption at room temperature, making it challenging
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Fig.2 Stimulated emission spectrum of the Pr:YLF crystal

to achieve laser oscillation despite having a higher emis-
sion cross-section than other wavelengths. To achieve
multi-wavelength laser output, it is necessary to suppress
the 639 nm laser while minimizing the losses at 604 nm
and 607 nm laser. Given the proximity of the 604 nm and
607 nm wavelengths, it is not feasible to achieve mode
selection through coatings of output mirror. Consequently,
adjusting the F-P etalon to equalize the threshold powers
of the desired wavelength emerges as a simple and effec-
tive approach for achieving multi-wavelength laser output.
The specific implementation method will be discussed in
the following sections.

In an ideal four-level system with spatial independence,
inserting an F-P etalon is equivalent to inserting a loss,
defined as y = [y; + (1 — T)]. Then the threshold power can
be expressed as:
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Set the round-trip loss of the cavity mirror y; is 2%; Pump
efficiency under ideal conditions n, = 1; v,,, Tepresents the
frequency difference between adjacent energy levels, given
by v,,, = ¢/ i, 7, = 35.7 x 10 %s is the upper level lifetime,
A is the area of the active medium and A = 7Q2, ¢ is the
stimulated emission cross-section, The parameter data of
theoretical calculation are summarized in Table 1.

The necessary condition for achieving simultaneous out-
put of multi-wavelength laser is to equalize the threshold
powers of different wavelengths, meaning that at a specific
F-P etalon insertion angle, the threshold powers of multi-
wavelength laser are equalized and relatively low, facilitating
the generation of multi-wavelength laser outputs with greater
ease. Since threshold ratios cannot simultaneously describe
the threshold conditions for three different wavelengths, the
threshold square difference is adopted here. Specifically, if
the threshold square difference between different wavelength
lasers is <0.001 W, it is considered as meeting the condi-
tion of equal thresholds. Figure 3 simulates the variation
of the threshold square difference of different wavelength
lasers with the F-P etalon insertion angle, along with the
corresponding insertion angles and thresholds that satisfy
the requirements for stable output of multi-wavelength laser.

As shown in Fig. 3, there are many F-P etalon angles that
satisfy the condition of equal thresholds for different wave-
lengths. Due to the preference for lower thresholds and the
avoidance of excessively large angle rotations of the etalon,
combining these two premises can roughly determine the
range of etalon angles for achieving multi-wavelength laser
output. Additionally, due to the dense distribution of the
angle, it is inevitable to cause the angle of multi-wavelength
laser at different combinations close to each other, as indi-
cated by the boxed angle range in the Fig. 3. The character-
istic of these angle ranges is that they exhibit lower thresh-
old powers for different combinations of multi-wavelength
laser, and the differences in etalon angles varied slightly.
This leads to the phenomenon of switching between differ-
ent output modes, and unstable output of multi-wavelength

laser. For example, when the insertion angle is around 6.5°,
the threshold powers for the 604 nm&639 nm laser and the
607 nm&639 nm laser are similar, and the difference in
insertion angles is less than 1°. This significantly increases
the difficulty of adjusting the etalon in the experiment and
affects the maximum output power due to gain competition
among different wavelengths.

Considering the above factors, the optimal etalon angles
selected for the dual-wavelength laser of 604 nm&639 nm,
607 nm&639 nm, and the triple-wavelength laser of
604 nm&607 nm&639 nm in the simulation are approxi-
mately 9.8°, 3.3°, and 29.4°, as indicated by the circled
angle ranges in the Fig. 3. Their corresponding thresholds
are 1.79W, 1.22W, and 1.65W, respectively. Next, experi-
ments will be conducted to validate the correctness of the
theoretical analysis.

3 Experiment and discussion

The experimental setup is shown in Fig. 4. The experiment
utilizes a 4.2W InGaN semiconductor laser with a central
wavelength of 443 nm as the pump source, with a fiber core
diameter of 200 pm. The laser gain medium is an uncoated
a-cut Pr:YLF crystal with a doping concentration of 5%,
which has dimensions of 3 x 3 x 5mm? and is wrapped in
indium foil and fixed in a brass heat sink. The initial water
cooling temperature is set at 15 °C.The input mirror (IM) is
a plane mirror coated with an anti-reflective film at 444 nm
and a high-reflectivity film in the 600-650 nm band with
a reflectivity greater than 99.8%. The output coupler (OC)
is a plano-concave mirror with a transmittance of approx-
imately 5% in the 600-650 nm band as shown in Fig. 4.
Considering the need to insert a Fabry—Perot (F-P) etalon
into the cavity and adjust its angle, an output coupler with a
curvature radius of 100 mm is selected. The etalon is fixed
on a five-axis adjustment mount with a rotator, with a rota-
tion range of +40° and an adjustment accuracy of 0.1°. The
etalon has a thickness of 0.1 mm, a diameter of 10 mm,
and is made of thin glass with no coating and high parallel-
ism. A spectroscope (transmittance >95% at 600-610 nm,

Table 1 Parameters of
numerical simulation

Parameters (unit) -Symbol Value Parameters (unit) -Symbol Value
Pumping efficiency-#, 1 Thickness of the etalon (mm)-d 0.1
Spontaneous lifetime (ps) -t¢ 35.7 Refraction of etalon-n 1.45
0.1 mm F-P etalon reflectance-R 0.05 Round-trip loss(%)-y; 2
Radius of the pump beam (ps)-Q 200 Pump wavelength (nm)-A;, 444
Stimulated Sect. (107m™)-c4, 1 Output wavelength (nm)-Ag, 604
Stimulated Sect. (107m™>)-c¢, 1.41 Output wavelength (nm)-Ag; 607
Stimulated Sect. (107m™)-c5, 2.2 Output wavelength (nm)-Ag3q 639
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reflectivity >98% at 639 nm) is placed to measure the laser
beams of different wavelengths.

During the experiment, the F-P etalon is first inserted
vertically to generate the 639 nm laser. Then, the cavity
length and etalon position are adjusted to achieve the low-
est threshold power and minimize the losses generated by
the etalon. Finally, the etalon is rotated while adjusting the
cavity length to achieve the highest output power for multi-
wavelength operation.

Under the premise of vertically inserting the etalon, the
639 nm laser output can be achieved within the cavity length
range of 49 mm to 118 mm. With an increase in crystal
absorption power, the output power shows linear growth.
When the cavity length is 89 mm, the highest output power
of 729 mW is achieved, corresponding to a conversion effi-
ciency of 34.4%.

Within the cavity length range of 97 mm to 112 mm,
and at the maximum pump power, precise adjustment of
the etalon insertion angle enables the generation of single-
wavelength (639 nm), dual-wavelength, and triple-wave-
length laser outputs. It was observed in the experiment that
reducing the temperature of the water-cooling system makes
it easier to achieve multi-wavelength laser output. This is
because the energy level transitions in the orange spectral
band benefit from the decrease in temperature of the active
material, which reduces the losses due to reabsorption [19].
Therefore, in subsequent experiments, the water cooling
temperature was set to the lowest temperature allowed by
the experimental environment, which is 8 °C.

When the cavity length is 103 cm, the highest output
power for the dual-wavelength laser at 604 nm&639 nm is
420 mW, with a conversion efficiency of 30.7%. When the
cavity length is 99 cm, the highest output power for the dual-
wavelength laser at 607 nm&639 nm is 382 mW, as shown
in Fig. 7. It can be observed that the threshold for the dual-
wavelength laser at 604 nm&639 nm is lower than that for
the dual-wavelength laser at 607 nm&639 nm. This differs
from the simulation results, which is attributed to the signifi-
cant temperature dependence of the 604 nm laser, making
it easier to output at low temperatures. Additionally, when
the etalon angle is around 7°, it was observed that as the
pump power increases, the laser switches between single-
wavelength (639 nm), dual-wavelength (607 nm&639 nm

and 604 nm&639 nm) outputs. Moreover, the laser output
becomes increasingly unstable with the increase in pump
power, which consistent with the theoretical simulation.
When the cavity length is 107 cm, the highest output power
for the triple-wavelength laser at 604 nm&607 nmé&639 nm
is 269 mW, corresponding to a conversion efficiency of
28.5%. In the experiment, it was observed that with increas-
ing pump power, the laser first achieves output at 639 nm,
followed by dual-wavelength output at 604 nm&639 nm,
and finally stabilizes at the triple-wavelength output of
604 nm&607 nmé&639 nm. It should be noted that due to
the small difference between the wavelengths of 604 nm
and 607 nm, when the triple-wavelength laser separated by
the spectroscope, only the 639 nm laser can be separated.
Therefore, it is only possible to measure the combined power
and spectrum of the two wavelengths in the orange spectral
range. The relationship between the laser output power and
crystal absorption power is shown in Fig. 8. The spectrum
at the highest output power for each output mode are shown
in Fig. 9. Table 2 presents the experimental data in each
output mode.

Combining Figs. 5, 6, 7, 8, 9, as well as Table 2, it can
be observed that the experimental results of the multi-wave-
length laser align well with the theoretical simulation. The
threshold power for the 639 nm laser output increases to
varying degrees compared to the case of vertical insertion
of the etalon. The power increase trend is also slower than
before, attributed to the different angles of the etalon caus-
ing varying degrees of cavity loss. Furthermore, the output
power of 639 nm laser transitions from a linear increase to
a slow rise, and it gradually decreases with the increasing
power of the orange spectral band laser. This is due to the
intense gain competition between the 639 nm laser with a
higher stimulated emission cross-section and the threshold
for the 604 nm or 607 nm lasers, resulting in a decrease in
the output power of the 639 nm laser.

Additionally, in the experiment of 607 nm&639 nm
laser output, there is a significant discrepancy between
the theoretically simulated insertion angle and the experi-
mental angle. This is because the theoretical simulation is
influenced by the 604 nm&639 nm laser under high pump
power, and switching from 607 nm&639 nm laser output
to 604 nm&639 nm laser output, leading to unstable laser

Table 2 Comparison of
experimental data in different
laser output modes

639 nm 604 nm&639 nm

607 nm&639 nm
dual-wavelength

604 nm&607 nm&639 nm

dual-wavelength three-wavelength

Cavity length (mm) 89
Insertion angle of etalon (°) 0
Threshold value (mW) 429
Output power (mW) 729
Conversion efficiency (%) 34.4

103 99 108
10 15 30
1820 1899 2002
420 382 269
30.7 26.2 28.5
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output and lower maximum output power. When the inser-
tion angle is 15°, the threshold for the 604 nm&639 nm laser
is much higher than that of the 607 nm&639 nm laser, indi-
cating greater losses for the former. As a result, the output
of the 607 nm&639 nm laser remains stable than when the
insertion angle is 3.3° (the optimal angle in theoretical simu-
lation), which is consistent with the preference for relatively
independent angles in theoretical simulation.

Stabilities of the multi-wavelength lasers have also
been measured during the experiments. We recorded
the maximum output power variation for half an hour
in each mode, as shown in Fig. 10. At different out-
put modes of 604 nm&639 nm, 607 nm&639 nm, and
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604 nm&607 nm&639 nm, the measured fluctuations in out-
put power (RMS) were 2.3%, 3.9%, and 2.6%, respectively.
These results indicate that even under long-term working
conditions, the laser output is relatively stable.

4 Conclusion

This paper innovatively proposes a theoretical model of a
directly visible multi-wavelength laser based on a single
F-P etalon, which enables the free switching of single and
multi-wavelength (with different combinations) laser out-
put. The theoretical model of a multi-wavelength Pr:YLF
laser based on the F-P etalon is established. The impact of
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the F-P etalon insertion angle on the threshold power of
different wavelength laser is analyzed through simulations,
and the experimental results align well with the theoretical
simulations. Comparative experiments demonstrate that by
adjusting the insertion angle of the etalon without chang-
ing any other optical elements, stable outputs of single and
multi-wavelength (with different combinations) laser can be
achieved. The experiment obtained maximum output powers
of 729 mW for the 639 nm single-wavelength laser, 420 mW

for the 604 nm&639 nm dual-wavelength laser, 382 mW for
the 607 nm&639 nm dual-wavelength laser, and 269 mW for
the 604 nm&607 nm&639 nm triple-wavelength laser. This
theoretical model can be applied to most solid-state lasers
with rich emission spectrums, providing a theoretical basis
for guiding and optimizing the design of multi-wavelength
lasers.
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