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Abstract

We experimentally demonstrate for the first time a tunable orthogonal polarized Pr3+: LiGdF4 dual-
wavelength laser. We calculate the conditions for balancing the gain and loss of the orthogonal po-
larization dual-wavelength with the rotation angles, the Lyot filter, and the incident angle on the
uncoated glass. By adjusting the rotation angles, the Lyot filter, and the incident angle on the un-
coated glass, the continuous-wave (CW) orthogonal polarized dual-wavelength lasers operating at 519.6
and 522.8 nm, 604.5 and 607.2 nm, and 719.2 and 721.5 nm are obtained.

Keywords: solid-state laser, tunable, visible dual-wavelength, Pr3+: LiGdF4.

1. Introduction

Multi-wavelength operation can produce wavelength beating and extends the capabilities of a laser

source by multi-wavelength engineered emission, in which there are minimum two independent obtainable

wavelengths. Two independent engineered wavelengths produced by the same laser have been used in

optical coherence tomography, optical shop testing, atom interferometry, spectroscopy and even to detect

parasites in water [1–6]. Dual-wavelength emission has been obtained using diode lasers, fiber lasers, and

dye lasers [7–12]. Sources with emission in two wavelengths, using Titanium-sapphire lasers have also been

explored with coupled cavities, double-prism dispersion cavities, acousto-optic tunable filters, as well as

with two independent seed injection lasers [13–19]. So far, dual-wavelength lasers for different transitions

of Nd3+ have been reported for some crystals, such as Nd:YAG, Nd:YVO4, Nd:GdVO4, Nd:LuVO4,

Nd:YAlO3, Nd:GSAG, Nd:LSO, Nd:LYSO, Nd:SYSO, and Nd:YAB [20–29]. However, very few research

works on dual-wavelength Nd3+-doped lasers in the visible spectral region have been reported [30–32].

The main reason is that radiation in the visible spectral region cannot be generated because of the

absence of efficient fundamental lasers. In the recent years, interest is growing for the development

of all-solid state laser sources emitting in the visible region of the electromagnetic spectrum. One of

the most promising candidates within the Rare Earth ions is trivalent Praseodymium (Pr3+), offering
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several transitions with high cross sections in the visible spectral regions. During the past decade,

efficient cw single wavelength laser for different transitions of Pr3+ have been demonstrated for some

crystals, such as Pr3+: LiYF4 [33–38], Pr3+: LiLuF4 [39–42], Pr3+: KY3F10 [43–46], Pr3+: LiGdF4 [47],

and Pr : BaY2F8 [48]. J. Xia et al. realized a visible dual-wavelength generation in Pr3+-doped lasers

for the first time [49]. J. Bai et al. obtained a red and green dual-wavelength Pr : LiGdF4 laser with

a single birefringent filter [50]. J. He et al. reported a tunable dual-wavelength laser operation of

Pr3+: LiYF4, which was the first work of realizing dual-wavelength Pr3+-doped laser operation in the

infrared spectral range [51]. To the best of our knowledge, no research about tunable dual-wavelength

Pr3+-doped lasers in the visible spectral regions has been reported. In this paper, we present our recent

results of exploring a tunable CW dual-wavelength laser operation of Pr3+: LiGdF4. This is the first work

of realizing simultaneous dual-wavelength Pr3+-doped laser operation in the visible spectral regions. Dual-

wavelength laser in the visible spectral range can find wide applications in many fields, such as display

technology, spectral analysis, medical applications, etc.

Fig. 1. Polarized E‖c (the solid curve) and E⊥c (the dot-
ted curve) emission spectra of Pr3+: LiGdF4 crystal at λp =
442 nm [47].

In Fig. 1, we show the polarized emis-

sion spectra of Pr3+: LiGdF4 crystal at room

temperature. The highest emission cross sec-

tions of Pr3+: LiGdF4 crystal are present in

the green (522.8 nm), orange (607.2 nm), and

red (640.2 and 721.5 nm) spectral ranges in

π-polarization (E‖c) [47]. In addition, there

are some central emission wavelengths; for

example, 519.6, 604.5, and 719.2 nm in σ-

polarization (E⊥c). Therefore, Pr3+: LiGdF4

crystal is the promising material for use in

orthogonal polarized dual-wavelength lasers.

2. Experiment and Analysis

The experimental setup used is shown in

Fig. 2.

A 3 mm long sample with a dopand con-

centration of 1.0 at.% Pr3+ in the crystal

is used in the laser experiment, resulting in an absorption coefficient of about 7.6 cm−1 [47]. The

Pr3+: LiGdF4 laser crystal is pumped by two diode lasers emitting at 442 nm with a maximum output

power of 2 W each. Beam collimation and shaping of the diode laser radiation is accomplished, using a

spherical lens with a focal length of 20 mm as well as an anamorphic cylindrical lens pair. The lenses L1

and L2 of 40 mm focal length are used to focus the pump beams into the laser crystal. The beam waist

diameter inside the crystal is approximately 100 μm. The pumping side of the Pr3+: LiGdF4 crystal (S1)

is used as an input coupler, which is antireflection (AR) coated at 442 nm and high reflectivity (HR)

coated at 510–730 nm. The opposite side is AR coated at 520–730 nm. The plane-folding input coupler

(M1) is HR coated at 510–730 nm and AR coated at 442 nm. The Pr3+: LiGdF4 crystal wrapped with

Indium foil and mounted at a TEC (thermal electronic cooled) Copper block, and the temperature is

maintained at 20◦C. The concave mirror (M2) with a radius of curvature −50 mm is used as the output

coupler, with a transmission of 5.0% near 510–730 nm. An uncoated glass etalon with a thickness of
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Fig. 2. The experimental setup for the
tunable orthogonal polarized Pr3+: LiGdF4

dual-wavelength lasers in the visible range.
Here, coupling lenses (L1 and L2), side of
the Pr3+: LiGdF4 crystal (S1), input cou-
pler (M1), output coupler (M2), and un-
coated glass (UG).

0.2 mm is used to nearly fit the wavelength separation between two fluorescence peak positions of π and

σ-polarizations near 510–730 nm in Pr3+: LiGdF4 crystal. The Lyot filter with a thickness of 1.5 mm is

used as a tuning device. The Lyot filter is tilted so, that the angle of incidence is the Brewster angle θB.

Usually, simultaneous dual-wavelength operation with the same laser medium in the same cavity is

rather difficult, because of strong gain competition between the two wavelengths. For achieving the

dual-wavelength operation, an uncoated glass etalon is inserted in the laser cavity. In our experiment,

the π-polarization of the Pr3+: LiGdF4 crystal is set to be placed in the parallel direction, and the angle

of inclination of the glass plane is relative to the optical axis of the resonator, in which the plane of

incidence is in the horizontal direction. As a result, the π and σ-polarized waves are perpendicularly and

parallel to the plane of incidence, corresponding to the S and P waves, respectively. The inclined angle

of the etalon is equal to the incident angle of light. The losses caused by the Fresnel reflection for the π

and σ-polarized waves can be given by [52]

Lgπ =

(
cosφi − ng cosφt

cosφi − ng cosφt

)2

+

[
1−

(
cosφi − ng cosφt

cosφi − ng cosφt

)2
]
·
(
ng cosφt − cosφi

ng cosφt − cosφi

)2

, (1)

Lgσ =

(
ng cosφi − cosφt

ng cosφi − cosφt

)2

+

[
1−

(
ng cosφi − cosφt

ng cosφi − cosφt

)2
]
·
(
cosφt − ng cosφi

cosφt − ng cosφi

)2

, (2)

where θi is the inclined angle of the glass plane (equal to the incident angle of light), θt is the refraction

angle of light, ng = 1.5 is the refractive index of the glass, and sinφi = ng sinφt. In Fig. 3, one can see

the overlapping curves for the losses Lgπ and Lgσ at the small incident angle, and then they gradually

separate.

For tuning the dual-wavelength of orthogonal polarization, a Lyot filter is inserted in the laser cavity.

An incident ray lies in the xz plane and enters a uniaxial crystal plate at an incidence angle θB. The

thickness of the plate is d, and its optical axis is parallel to the surface. The azimuth angle (or the

rotation angle) α is the angle between the optical axis and x axis. The Lyot filter is rotated to have an

azimuth angle α. The round-trip Jones matrix for the linear cavity is

M =

(
1 0

0 q′

)2 [(
1 0

0 q

)(
sinα cosα

− cosα sinα

)(
1 0

0 eiδ

)(
sinα − cosα

cosα sinα

)(
1 0

0 q

)]2

, (3)

where q = 2n/(1 + n2), n is the refractive index of the Lyot filter, q = 0.916, q′ = 0.876, δ = π(no −
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ne)d sin
2 β/λ sin θ [53], δ is the phase retardation between the o-ray and e-ray, and β is the angle between

the ray in the crystal and the optical axis.

Fig. 3. Dependence of the losses for the π-polarized
wave (the solid curve) and σ-polarized wave (the dashed
curve) on the incident angle for dual-wavelength opera-
tion.

In the matrix elements, the condition for an

eigenmode reads

MĒ = tĒ, (4)

where t is the eigenvalue and Ē is the eigenvector.

For the linear laser cavity, the round trip transmit-

tance T of the birefringent filter is expressed as

T = |t|2. (5)

The round trip loss of the π and σ-polarized emis-

sions can be written as follows:

Lπ = 1− T + Lgπ, (6)

Lσ = 1− T + Lgσ. (7)

In order to successfully suppress lasing at the strong

emission line, the threshold power of the weak emis-

sion line must be higher than those of the strong

emission lines. For a four-level laser, the threshold condition for each transition reads [54]

Pth,i =
πhνpω

2
p[ln(1/R) + Lj ]

2ηifiσiτ [1− exp(−2ω2
p/ω

2
i )]

, (8)

where R is the reflectivity of output mirror, ηi = λp/λi is the quantum efficiency, λp is pump wavelength,

λi is lasing wavelength, fi is the population number in the Stark components of the upper laser level,

hνp is the pump photon energy, σi is the emission cross section, τ is the fluorescence lifetime, ωp is

the pump beam waist in the active medium, and ωi the laser beam waist. Here, j = π, and σ; i = 1,

2, 3, 4, 5, 6 represents the nine different laser wavelengths of 519.6, 522.8, 604.5, 607.2 ,719.2, and

721.5 nm, respectively. With Eqs. (1)–(8), the calculated results for the dependence of the threshold and

the rotation angle are given in Fig. 4.

The different emission cross sections of the two orthogonal wavelengths result in different gains of

the two wavelengths in the cavity. Therefore, the gain and loss of the two wavelengths should be ba-

lanced by adjusting the angle of the glass according to the difference of the emission cross section of

the two wavelengths of a pair of orthogonal polarizations. The emission cross sections of the 519.6 and

522.8 nm wavelengths are not very different, and we adjust the tilt angle (20◦ – 30◦) so that the loss of

the two orthogonally polarized wavelengths is also moderate. The emission cross sections of the 604.5

and 607.2 nm wavelengths are quite different, so we adjust the tilt angle (50◦ – 60◦) to make the loss of

the two orthogonally polarized wavelengths also larger. The difference in emission cross-sections between

the 719.2 and 721.5 nm wavelengths is small, so we adjust the tilt angle (0◦ – 10◦) so that the loss of the

two orthogonally polarized wavelengths is also small.

When the incident angle φi is adjusted around 20◦, the calculated results for the dependence of the

threshold at 519.6 and 522.8 nm on the rotation angle of the Lyot filter are given in Fig. 4 a, where one

can see that, at the rotation angle α = 25.7◦, the two wavelengths reach the same threshold.
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Fig. 4. Calculated threshold at 519.6, 522.8, 604.5,
607.2, 719.2, and 721.5 nm versus the rotation angle α
at φi = 20◦ (a), φi = 55◦ (b), and φi = 5◦ (c).

a) b)

c)

When the incident angle φi is adjusted around 55◦, the calculated results for the dependence of the

threshold at 604.5 and 607.2 nm on the rotation angle of the Lyot filter are given in Fig. 4 b, where one

can see that, at the rotation angle α = 38.4◦, the two wavelengths reach the same threshold.

When the incident angle φi is adjusted around 5◦, the calculated results for the dependence of the

threshold at 719.2 and 721.5 nm on the rotation angle of the Lyot filter are given in Fig. 4 c, where one

can see that, at the rotation angle α = 52.8◦, the two wavelengths reach the same threshold.

3. Experimental Results

First of all, we adjust the rotation angle α of the Lyot filter to around 26◦ and the incident angle φi

to around 20◦; the same threshold for the dual-wavelength at 519.6 and 522.8 nm is achieved. At a pump

power of 4.0 W, the total output powers of 400 mW are obtained. The dual-wavelength operation for

different pump powers is shown in the inset of Fig. 5 a. At each pump power level, the Lyot filter should

be slightly adjusted to maintain a 1 : 1 spectral intensity ratio of the generated wavelengths. The dual-

wavelength laser operation has good stability without power competition between the two wavelengths.

It is because the gain and loss are balanced by adjusting the uncoated glass and the Lyot filter. The

spectrum of the dual-wavelength laser at a pump power of 4.0 W is shown in the Fig. 5 a. The central
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Fig. 5. Optical spectrum of dual-wavelength operation
at the maximum output power. The dependences of
the relative output powers at 519.6 and 522.8 nm (a),
604.5 and 607.2 nm (b), and 719.2 and 721.5 nm on the
incident pump power are shown in the insets.

a) b)

c)

wavelengths are 519.6 and 522.8 nm, with the optical spectral line widths of 0.20 and 0.23 nm, respectively.

Then, we adjust the rotation angle α of the Lyot filter to around 38◦ and the incident angle φi to

around 55◦; the same threshold for the dual-wavelength at 604.5 and 607.2 nm are achieved. At a pump

power of 4.0 W, the total output powers of 700 mW are obtained. The dual-wavelength operation for

different pump powers is shown in the inset of Fig. 5 b. The spectrum of the dual-wavelength laser at the

pump power of 4.0 W is shown in Fig. 5 b. The central wavelengths are 604.5 and 607.2 nm, with optical

spectral line widths of 0.21 and 0.18 nm, respectively. Finally, we adjust the rotation angle α of the Lyot

filter to around 53◦ and the incident angle φi to around 5◦; the same threshold for the dual-wavelength at

719.2 and 721.5 nm is achieved. At a pump power of 4.0 W, total output powers of 300 mW are obtained.

The dual-wavelength operation for different pump powers is shown Fig. 5 c (inset). The spectrum of the

dual-wavelength laser at a pump power of 4.0 W is shown in Fig. 5 c. The central wavelengths are 719.2

and 721.5 nm, with optical spectral line widths of 0.14 and 0.18 nm, respectively.

4. Summary

In conclusion, we demonstrated a tunable CW orthogonal polarized dual-wavelength laser operation of

Pr3+: LiGdF4, using the uncoated glass and the Lyot filter in the laser cavity. We calculated the conditions

for balancing the gain and loss of the orthogonal polarization dual-wavelength with the rotation angles of

the Lyot filter and the incident angle on the uncoated glass. By adjusting the rotation angle of the Lyot

filter and the incident angle on the glass, we obtained for the first time the three pairs of CW orthogonal
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polarized dual-wavelength Pr3+: LiGdF4 lasers operating in the visible range. Such multi-wavelength

operating regime can lead to discretely tunable multi-wavelength ultraviolet and deep ultraviolet laser

sources via nonlinear frequency conversion.
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