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Abstract 

In this work, we have demonstrated dual-wavelength continuous-wave laser operation in diode-end-pumped Tm:YLF, 
Tm:LuAG and Tm:YAG lasers. A 3-mm thick quartz birefringent filter with an optical axis 45 to the surface plane was 
exploited for achieving broadly-tunable two-color laser operation. By using the different orders of the filter with varying 
filter width and free spectral range values, dual-wavelength operation has been achieved in 11, 12 and 8 different 
wavelength pairs in Tm:YLF, Tm:LuAG and Tm:YAG, respectively. Fine tuning of the rotation angle of the birefringent filter 
enabled control of laser power in each line. To our knowledge, this is the first report of multicolor laser operation in these 
gain media, and the technique used is applicable to other laser operation regimes including mode-locking.  

 

1. Introduction 

 
Dual-wavelength (two-color, multicolor) solid-state laser 
operation is the simultaneous oscillation of more than one 
laser wavelength in the laser resonator. This operation regime 
might be advantageous for applications such as coherent 
terahertz (THz) wave generation [1-3], ultrahigh pulse 
repetition rate creation by optical beating [4], laser ranging [5], 
remote sensing [6], digital holographic microscopy [7], optical 
communication [8, 9], and coherent anti-Stokes Raman 
scattering microscopy [10]. In recent years, usage of intracavity 
birefringent filters (BRFs) was proposed as a flexible method 
for the generation of multicolor laser operation. In regular 
BRFs, which are also known as on-surface optic axis BRFs, the 
optic axis lies on the surface of the plate.  Using regular BRFs, 
dual-wavelength radiation has been successfully demonstrated 
in Ti:Sapphire [11, 12],  Yb:KGW [13], Yb:CALGO [14], Nd:YVO4 
[15], and Alexandrite  [16].  

In most studies regular BRFs are implemented due to 
easiness in fabrication; however, this specific case is not 
necessarily an optimum choice [17-21]. As an alternative to 
regular BRFs, birefringent filters with optic axis pointing out of 
its surface could provide a much broader set of filter 
parameters [17-21]. Off-surface optic axis BRFs could scan 
larger number of filter orders providing flexibility in choosing 
the optimum filter bandwidth (FWHM) and free spectral range 

(FSR) value for the desired application [19]. Moreover, they 
could provide a smoother variation of modulation depth as the 
wavelength is tuned [19]. Off-surface optic axis BRFs have 
already been used in demonstrating multicolor laser operation 
in more than 10 pairs of transitions in Cr:LiSAF [22] and 
Cr:Nd:GSGG [22, 23].  

In Thulium-doped laser gain media, two-color laser 
operation has been demonstrated in Tm:CYA (1959 & 1961 
nm [24]), Tm:YAP (1940 & 1986 nm [25], 1969  & 1979 nm 
[26]), Tm:Lu2O3 (1968 & 2068 nm [27]), Tm:Ho:YAG (2090 & 
2096 nm [28]), Tm:Ho:GdVO4 (2039 & 2050 nm [29]), 
Tm:Ho:YVO4 (2041 & 2055 nm [30]) and Tm:Ho:GYTO (1950 
& 2070 nm, 1950 & 2068 nm [31]). Dual-wavelength operation 
has been shown in continuous-wave (cw) [28-31], gain-
switched [27], Q-switched [25, 26, 31] and  cw mode-locked 
[24] operation regimes. Multicolor operation has been 
achieved via usage of laser crystals with two strong and equal 
magnitude emission peaks [29], or by employing disordered 
crystals with multiple emission centers with different emission 
wavelengths [24], or via interesting coupling of spectral and 
temporal dynamics [27]. In most of these studies, two-color 
lasing has been achieved in just one pair of wavelengths, and 
mechanism that is used for multicolor operation did not allow 
flexible control of two-color laser parameters. 

In this study, using a 3-mm thick, off-surface optic axis 
crystalline quartz BRF with an optic axis 45 to the surface of 
the plate, we have achieved stable broadly-tunable dual-
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wavelength cw laser operation in diode-end-pumped Tm:YLF, 
Tm:LuAG and Tm:YAG lasers. Optimization of the rotation 
angle of the intracavity inserted BRF filter around different 
orders (rotation angles) facilitated two-color laser operation in 
11, 12 and 8 different wavelength pairs in Tm:YLF, Tm:LuAG 
and Tm:YAG, respectively. For most of the cases, fine tuning of 
the rotation angle enabled adjustment of laser power in each 
line. The wavelength separation between the lines could be 
varied between 14 and 192 nanometres. To our knowledge, 
this is the first report of multicolor laser operation in Tm:YLF, 
Tm:LuAG and Tm:YAG gain media. Moreover, the 
demonstrated wide-tunability of two-color laser wavelengths 
is also quite rare in literature.  

In terms of the method employed, this study further proves 
the advantages of off-surface optic axis BRFs in multicolor laser 
wavelength generation such as lower cost, simpler operation, 
and flexibility in usage: (i) one device enabling multicolor laser 
operation in many different wavelength pairs, (ii) ability to 
control laser power in each line, (iii) capability to use a rich 
number of filter parameters from a single BRF plate, (iv) 
effectiveness in cw, gain-switched, Q-switched and cw mode-
locked regimes, and (v) universal usage of the device in any 
laser that lies within the transmission bandwidth of the BRF 
plate (250-2500 nm quartz BRFs [19, 22, 23]).  

2. Experimental setup 

Figure 1 shows a schematic of the diode pumped Tm:YLF, 
Tm:LuAG and Tm:YAG laser cavities used in cw dual-
wavelength laser experiments. A linearly polarized 3-W single-
emitter multimode laser diode (MMD) operating at 780 nm 
was used as the pump source. The pump beam was first 
collected with an aspheric lens with focal length of f=4.5 mm 
(f1). Then, a cylindrical lens with a focal length 5-cm (fz) was 
employed for fast axis collimation, and a plano-convex lens 
with a 5-cm focal length was utilized for focusing the pump 
beam into the crystal. Variation of the diode current changes 
the output wavelength and output beam profile. Therefore, the 
diode current is kept at 3 A in all the experiments. A polarizing 
beam splitter cube (PBS) and a half-wave plate (HWP) were 
used to adjust the incident pump power on the crystals. The 
maximum incident pump power on the crystals was 2.45 W 
(lower than 3 W due to the transmission losses of the optics).  
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Fig. 1  Schematic of the multimode diode pumped cw Tm:YLF, 
Tm:LuAG and Tm:YAG lasers used in dual-wavelength laser 
studies. HWP: Half-wave plate, MMD: multimode diode, PBS: 
polarizing beam splitter cube, BRF: birefringent filter, HR: flat 
high reflector, CM1-CM2: Curved cavity high reflectors, OC: 
output coupler. 

The cw laser experiments were based on an astigmatically-
compensated X-cavity consisting of two curved mirrors (CM1 
ROC =50 mm and CM2 ROC = 75 mm), a flat end mirror (HR) 
and a 1.3% transmitting flat output coupler (OC). The length of 
the long cavity arm has been adjusted to 30 cm to obtain a 
beam waist of approximately 40 m inside the gain medium. 
The HR mirrors had a reflectivity greater than 99.9% from 
1850 nm to 2200 nm and a pumping window with 
transmission around 95% in the red spectral region. Brewster-
cut, 5-mm-long, Tm:YLF, Tm:LuAG and Tm:YAG crystals with 
Tm+3-concentration of 3%, 6% and 6% were used in the study. 
The crystals absorbed 73%, 82% and 85% of the incident TM 
polarized pump light at 780 nm, respectively. To optimize laser 
properties, the crystals were cut so that, for TM polarized 
incident light, the direction of the electric field of the 
electromagnetic wave inside the crystal is parallel to the crystal 
c () axis. As mentioned earlier, a 3-mm-thick crystal quartz 
BRF with an optic axis 45 to the surface of the plate was used 
as the wavelength selective element in tunable single 
wavelength and dual-wavelength laser experiments.  

3. Free-running cw lasing results and tunable single-
wavelength operation 

In this section we will briefly present cw lasing results obtained 
with the aforementioned Tm-doped crystals in free running 
and in tunable single-wavelength operation. Figure 2 shows 
the measured cw efficiency curves of the Tm:YLF, Tm:LuAG 
and Tm:YAG lasers using a 1.3% transmitting output coupler. 
Continuous-wave laser output powers as high as 535 mW, 585 
mW and 550 mW were obtained at the full incident pump 
power level of 2450 mW from the Tm:YLF, Tm:LuAG and 
Tm:YAG lasers, respectively. The corresponding slope 
efficiency with respect to incident laser power were 25%, 26% 
and 28%, and the free running laser wavelengths were  1940 
nm, 2025 nm and 2015 nm. 
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Fig. 2 Measured cw output power of the multimode diode 
pumped Tm:YLF, Tm:LuAG and Tm:YAG lasers as a function of 
incident pump power at an output coupling of 1.3%.  
 
 



We have investigated the single-wavelength tuning behavior of 
the lasers using the BRF plate as the tuning element. Fig. 3 
shows the variation of the measured output power from the 
Tm:YLF, Tm:LuAG and Tm:YAG lasers as a function of 
wavelength using the 1.3% transmitting output coupler (a 
normalized scale is used on purpose for comparison purposes). 
Fig. 3 also displays the measured transmission profile of the 
output coupler (OC), as well as the high reflector (HR) mirrors 
used in the cavity. The calculated total leakage loss from the 
cavity optics (5 bounces on HR, and 1 bounce on OC) is also 
shown. Note that as mentioned earlier, the cavity high 
reflectors start to leak at wavelengths below 1900 nm, creating 
substantial loss especially below 1850 nm.   
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Fig. 3 Measured single-wavelength tuning range of Tm:YLF, 
Tm:LuAG and Tm:YAG at the full incident pump power of 2.45 
W using a 1.3% transmitting output coupler. Measured 
transmission of the output coupler (OC) and cavity high 
reflective mirrors, and calculated total leakage loss of the cavity 
(OC+5HR) are also shown. 

In our laser cavity, among the Tm-based gain media studied 
in this work, Tm:YLF provided the broadest, smoothest and 
most symmetric single-wavelength tuning spectrum, with a 
full-width at half-maximum (FWHM) of 200 nm centered 
around 1940 nm. Tm:LuAG and Tm:YAG have tuning 
bandwidths of 130 nm and 75 nm centered around 2025 nm 
and 2015 nm, respectively. We would like to clearly emphasize 
here that, these numbers are specific to our setup, and could be 
different for other systems due to difference in reflectivity 
properties of cavity optics used as well as due to the quasi-3-
level laser structure of the Tm+3-ion at this wavelength region, 
which creates inversion (pump power) dependent gain/tuning 
spectrum. As an example, in the case of Tm:YLF the limited 
reflectivity of the cavity high reflectors substantially limited the 
obtainable tuning range and output powers below 1850 nm 
[32]. Moreover, in our setup, the cavity high reflectors 
reflectivity  extend up to 2200 nm in the long wavelength side, 
which prevents tuning of Tm:YLF around 2300 nm [33].   

4. Theoretical background and numerical analysis for 
dual-wavelength operation 

Dual-wavelength laser operation requires balancing of laser 
gain simultaneously at two different wavelengths within the 
gain bandwidth of the laser active medium. To be more 
specific, as pointed by Waritanant et al., the BRF could be 
used to fine tune the intracavity losses  so that, the 
oscillating wavelengths has similar lasing thresholds, 
slope efficiencies and output powers [15]. Usually the 
BRF angle is tuned to achieve same output power levels 
at 1 and 2 at a given pump power Ppump:  

Pout,1(Ppump)= P out,2(Ppump)  (1) 

which can be rewritten as: 

1(Ppump-Pth,1) = 2(Ppump-Pth,2)  (2) 

where Pth,1 (Pth,2) is the lasing threshold pump power 
for wavelength 1 (2), and 1 (2) is the laser slope 
efficiency at the wavelength 1 (2). 

 To elaborate this issue further, we can look back again to Fig. 
3, which provides information on the variation of single-line 
laser performance with wavelength for our specific cavity at 
hand. As an example assume that we want to get dual-
wavelength lasing at 1850 nm and 2000 nm in Tm:YLF. 
To achieve this, first of all one needs to suppress the gain 
peak of Tm:YLF at around 1940 nm. Moreover, the gain 
at 1850 and 2000 nm should be roughly equalized. This 
could be achieved by use of an intracavity BRF with a 
free spectral range (FSR) around 150 nm, where the 
transmission peaks of the filter are centered around 
1850 and 2000 nm. Exact positions of the transmission 
peaks could be adjusted by fine tuning of the BRF filter 
rotation angle. In this scheme, by using different FSR 
values of the BRF plate located at different orders, one 
can obtain dual-wavelength operation with different 
wavelength separation values (2-1). The scheme 
described above is one of the methods that could be used 
for achieving dual-wavelength operation using BRFs 
(method 1: both lasing lines centered at transmission 
maxima of the BRF). 

As another method (method 2), assume we want to 
generate dual-wavelength operation in Tm:YAG at 2000 
& 2015 nm (one wavelength around the gain peak, and 
another one slightly to the left). Note that for this case 
the desired wavelength separation is quite small, which 
makes implementation of method 1 rather difficult for 
reasonably thick BRFs. As an alternative, to achieve two-
color laser operation for this case, one can use a BRF 
filter with a transmission peak around 2000 nm 
(centered at the weaker line). If the filter has a suitably 
large transmission passband bandwidth (FWHM), the 



filter could suppress the gain at 2015 nm just enough to 
balance gain at both wavelengths. As a result 
simultaneous two-color laser operation could be 
achieved. In this 2nd method, by using different FWHM 
values of the BRF plate located at different orders, one 
can obtain dual-wavelength operation with different 
wavelength separation values (2-1). Note that filter 
FWHM could also be altered by using additional 
polarizing elements in the cavity [18, 19]. In our 
experiments, we have seen dual-wavelength operation 
based on both of these methods (later see Fig. 10 and Fig. 
11 as representative examples). For both methods, it is 
clear that, a BRF filter with a rich set of FSR and FWHM 
values has advantages in achieving multicolor laser 
operation.  

 
Fig. 4 Light beam incident on an off-surface optic axis 
birefringent filter plate at Brewster’s angle [19, 21]. t: thickness 
of the plate, c


: optic axis of the plate, : rotation angle of the 

plate, s


: direction of beam propagation, : angle between the 

optic axis and the surface normal, i: incidence angle (55.2 in 
quartz at 2 m), : internal Brewster’s angle. 

In that respect, at this point, we would like to briefly 
discuss the advantages of off-surface optic axis BRFs 
compared to regular on-surface optic axis ones [17-19]. 
For this purpose, Fig. 4 shows the laser light path in a 
typical BRF inserted in standing-wave laser cavity at 
Brewster's angle (detailed definitions of relevant 
physical parameters are given in the figure). For the 
regular on-surface optic axis BRF, the optic axis lies on 
the surface of the plate and  = 90. Tuning of the laser 
wavelength and adjustment of dual-wavelength 
operation is facilitated simply by rotation of the 
birefringent plate about an axis normal to the surface 
(corresponds to changing  , in Fig. 4). One needs to find 
the polarization eigenmodes and eigenvalues of the 
overall Jones matrix of the laser cavity to calculate the 
round-trip transmission characteristic of the BRF 
containing resonator [17-21].  

Following the work in [17-21], one can show that the free 
spectral range  of the filter can be calculated using:  
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Equation (3) could also be re-written as:   

m
FSR




,                        (4) 

where m is the filter order number. For example, for a 
specific wavelength of , when m=1, the phase 
retardation () created by the birefringent plate is 2 
(meaning no change in input polarization state), and the 
filter has a transmission maxima at this  at the filter 
order of m=1, with a filter FSR of . In general, when 
=m2 holds, the filter will have a transmission 
maxima at , at the filter order of m, and with an FSR 
value of /m. Hence, the FSR values that could be 
achieved from the system is quantized and one could 
only attain discrete FSR values of /m. Moreover, not all 
m values are allowed (or achievable), and permissible set 
of m values depend on filters thickness and optic axis 
diving angle . A similar relation can also be shown for 
the filters FWHM value, where the achievable FWHM 
scales with 1/m (filter FWHM also depends on the 
polarization dependent losses in the cavity). Hence, a 
BRF filter with a broader set of filter orders (m values) is 
desired, since a broader set of m values results in a 
broader set of achievable FSR and FWHM values.  

To deepen the discussion on this issue further, Fig. 5 
shows the calculated variation of filter FSR with filter 
rotation angle . The calculation has been performed at a 
central wavelength of 2 m, for several different optic 
axis orientations () in the range from 0 and 90 
(t=3mm). The x-axis has been limited to plate rotation 
angle values from =0 to =180, since the 180-360 
range is a symmetric copy. The solid lines have been 
calculated using  Eq. (3), and the dots on the solid lines 
are the resonance points satisfying Eq. (4).  Similarly, the 
dashed gray horizontal lines in the figure indicates the  
/m values, at selected m values of 1, 2, 3, 5, 10 and 20. 

As an important observation, we see clearly from Fig. 5 

that, birefringent filters diving angle () significantly effects 

the range of FSR values that can be obtained. In other words, 

BRFs diving angle () determines which m values are 

allowed for a given filter thickness at a specific central 

wavelength [19]. Especially note that, for on-surface optic 

axis BRF (=90),  the obtainable FSR values are quite 

small and varies in a very narrow range (140-180 nm).  This 

is because a 3 mm thick quartz on-surface optic axis BRF 

enables accessing plate orders (m) between  11 and 14 only, 

and this limits the obtainable FSR values to roughly between 

/11181 nm and /14143 nm. Note that for the BRF we 

have at hand (=45, t=3mm), filter orders from m=1 to 



m=14 is accessible, resulting in FSR values between 143 and 

2000 nm.  
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Fig. 5 Calculated variation of free spectral range for a standing-
wave Tm-based laser cavity around 2 m, as a function of 
birefringent plate rotation angle (). The calculation has been 
performed for different optic axis orientation values  ranging 
between 0 and 90. The quartz birefringent plate was 
assumed to have a thickness of 3 mm.   
 

Fig. 6 shows the calculated round-trip transmission 

properties of our cavity (Fig. 1), with the Tm:YLF laser 

crystal.  Both the BRF and the gain medium were assumed 

to be inserted at Brewster’s angle. The transmission is 

calculated for all the supported filter orders (m) between 1 

and 14. The corresponding resonant rotation angle () values 

that provide a transmission maxima at 2000 nm are: 15.3 

(m=1), 29.3 (m=2), 39.2 (m=3), 47.6 (m=4), 55.3 (m=5), 

62.7 (m=6), 70.1 (m=7),   77.6 (m=8), 85.5 (m=9), 93.9 

(m=10), 103.5 (m=11), 115.1 (m=12), 130.7 (m=13), 

165.8 (m=14).  Figure 6 is prepared for Tm:YLF, but the 

general properties of the filter will be similar in Tm:LuAG 

and Tm:YAG as well (transmission peak positions will not 

change, but the modulation depth values will differ due to 

difference in refractive index values: same filter FSR, 

slightly different filter FWHM [19]). 

Note from Fig. 6 that as the plate’s rotation angle (or 

order of the filter) is varied, the filter properties such as 

modulation depth, FSR and FWHM of the transmission 

peaks change considerably. The achievable filter FSR values 

roughly cover the 150-2000 nm range, where as the filter 

FWHM values vary between 10 and 150 nm. This large set 

of available filter parameters, is due to the off-surface optic 

axis BRF used in this study, which enables dual-wavelength 

laser operation in record number of wavelength pairs as we 

will discuss below. We refer the reader to [19] for a detailed 

discussion on the effect of filter orders on tuning rate, 

modulation depth, and walk-off angle.  
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Fig. 6 Calculated transmission characteristics of the Tm:YLF 
laser cavity as a function of wavelength around the central 
wavelength of 2 m for different birefringent plate orders (m) 
between 1 and 14. The calculation has been performed for a 3-
mm-thick crystal quartz BRF with an optic axis tilted 45 with 
respect to the surface of the plate.  
 



5. Tunable dual-wavelength lasing results 

Figure 7, 8 and 9 show the tunable cw dual-wavelength 

operation results obtained with Tm:YLF, Tm:LuAG and 

Tm:YAG lasers respectively. Measured power levels from 

the lasers at each dual-wavelength pair are also indicated in 

the figure (at the maximum available incident pump power 

of 2.45 W).  

 

 
Fig. 7  Optical spectra obtained in dual-wavelength operation of 
the cw Tm:YLF laser at an incident pump power of 2.45 W. 
Achieved output powers are also indicated for each case.  

 

The Tm:YLF laser could be operated in dual-wavelength 

operation quite stably at 11 different laser wavelength pairs 

(Fig. 7): 1831 & 2023 nm, 1842 & 2017 nm, 1842 & 2015 

nm, 1851 & 2009 nm, 1849 & 2008 nm, 1857 & 2002 nm, 

1862 & 1996 nm, 1868 & 1991 nm, 1871 & 1993 nm, 1874 

& 1987 nm and 1888 & 1941 nm, respectively. For most of 

the cases by fine adjusting the BRF plate rotation angle, it 

was possible to equalize laser power in each line. Also, what 

is shown in Fig. 7 is only sample spectra, and it was possible 

to fine tune the dual-wavelength spectra 1-2 nanometers to 

the left or to the right by fine adjustment of the BRF rotation 

angle. Moreover, there were many other wavelength pairs 

(not reported here), where the two-color laser operation has 

been observed with fluctuating output. The reported lines in 

Fig. 7 provided long term stable laser output with minimal 

power fluctuations. Note that our laser system was not 

covered, and we believe that with an engineered laser system 

with control electronics could enable multicolor lasing in a 

much broader set of wavelengths. Note that the central 

wavelength ((1+2)/2) of the reported lasing lines in Fig. 7 

is around 1930 nm, which is very close to the free running 

lasing wavelength in Tm:YLF (1940 nm). The wavelength 

separation between the lines could be varied between 53 nm 

and 192 nm, by use of different rotation angles of the BRF 

filter. The output powers in dual-wavelength operation was 

above 350 mW for most cases. The line widths of the optical 

spectrum could not be measured due to the limited resolution 

of the spectrometer used, but was confirmed to be below 0.5 

nm in all cases. As an interesting point, note from earlier 

analysis that the FWHM of the BRF filter is calculated to 

vary in the 10-150 nm range. However, these values 

correspond to single round-trip filtering effect. During cw 

laser operation, the laser observes the BRF filter many times, 

and the effective filter bandwidth is much narrower (10s to 

100s of picometers, depending also on the cavity photon 

lifetime) [21]. 

 
 

 

 
Fig. 8  Optical spectra obtained in dual-wavelength operation of 
the cw Tm:LuAG laser.  
 

In the case of Tm:LuAG, stable two-color laser operation 

has been achieved at 12 different laser wavelength pairs 

(Fig. 8): 1930 & 2094 nm,  1939 & 2088 nm, 1947 & 2085 

nm, 1955 & 2082 nm, 1956 & 2082 nm, 1942 & 2022 nm, 

1963 & 2021 nm, 1970 & 2021 nm, 2023 & 2073 nm, 1972 

& 2020 nm, 2000 & 2021 nm, and 2003 & 2020 nm, 

respectively. The average central wavelength of the lasing 

lines is around 2010 nm, which is relatively close to the free 

running lasing wavelength in Tm:LuAG (2025 nm). The 

wavelength separation between the lines varied between 17 

nm and 164 nm. The output powers in dual-wavelength 

operation was relatively low (compared to free running cw 

operation), and was mostly between 100-200 mW level. We 

believe the observed difference in the distribution of dual-

wavelength laser line pairs and the difference in output 

powers between Tm:YLF and Tm:LuAG is due to the 

broader and smoother tuning curve of Tm:YLF (Fig. 3), 

which enabled higher efficiencies in two-color operation. 

Basically, the relatively thin (3 mm) BRF plate that was used 

in this study was a better match for gain media with a tuning 

range (FWHM) broader than 100 nm.  

Finally, with Tm:YAG gain medium, stable two-color 

operation has been realized at 8 different laser wavelength 

pairs (Fig. 9): 1945 & 2082 nm, 1953 & 2080 nm, 2015 & 

2077 nm, 1953 & 2014 nm, 1961 & 2011 nm,  1965 & 2010 

nm, and 1993 & 2007 nm, respectively. Similar to 

Tm:LuAG, the average central wavelength of the lasing lines 

is around 2010 nm, which is very close to the free running 

lasing wavelength in Tm:YAG (2015 nm). The wavelength 



separation between the lines varied between 14 nm and 137 

nm. The average output power in dual-wavelength operation 

was around 100 mW. Note that, dual-wavelength operation 

results of Tm:YAG is similar to Tm:LuAG due to 

similarities in gain spectrum, Tm:LuAG providing slightly 

better results (higher output powers) probably because of its 

slightly broader tuning profile. We also note here that, the 

BRF sample we have used in this work (3 mm thick crystal 

quartz  with an optical axis 45 to the surface plane) was 

chosen due to its availability from an earlier study, and it is 

not necessarily an optimum choice. We foresee that obtained 

dual-wavelength operation could be improved by using an 

off-axis BRF with an optimized thickness and optic axis 

diving angle [19]. For example, usage of a thicker BRF 

could enable accessing smaller FSR values, which could 

enable efficient two-color operation in Tm:YAG and 

Tm:LuAG lasers as well. More specifically, we recommend 

usage of 5-10 mm thick quartz a birefringent filters with an 

optic axis diving angle ()  of  25 in future multicolor 

lasing studies with Tm-doped gain media [19]. 

 

 
Fig. 9  Optical spectra obtained in dual-wavelength operation of 
the cw Tm:YAG laser.  
 
In closing this section, we would like to discuss whether the 
tuning results obtained with the off-surface optic axis BRF can 
be explained with the numerical analysis described in Section 
4. Before we start, we note here that, in general the physics of 
Eq. (2), generating simultaneous dual-wavelength laser 
operation with same/similar output power in each line is 
rather involved. The physics underlying Eq. (2) requires careful 
usage of generally wavelength dependent laser parameters 
such as effective stimulated emission cross section, excited 
state absorption cross section, Auger upconversion rate, Stark 
component distribution, self absorption loss, passive cavity 
loss, cavity spot size, etc… [27, 32, 34]. Hence, in reality each of 
these factors should be taken into account to fully analyze the 
situation and calculate the required differential modulation 
depth from the BRF for the generation of equal power dual-
wavelength operation. On the other hand, as we will 
demonstrate with two representative examples below, the 
simplified picture we have presented above makes a good 

enough job in roughly understanding the basics of dual-
wavelength operation with BRFs.  
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Fig. 10 Detailed analysis of synchronous dual-wavelength cw 
laser operation in Tm:YLF at 1868 & 1991 nm pair (420 mW 
output power). Dual-wavelength operation has been achieved 
at a BRF plate rotation angle () of around 130. The calculated 
cavity round-trip travel losses induced by the BRF as well as 
the estimated total cavity leakage loss are also shown. 
 
As the first example lets consider dual-wavelength operation of 
Yb:YLF at laser wavelengths of 1868 and 1991 nm (Fig. 10). 
This pair of wavelengths produced an output power of 420 
mW, which is very close to what can be achieved in free 
running operation (535 mW).  Dual-wavelength operation has 
been achieved at a BRF rotation angle () of around 130. 
Figure 10 shows the calculated losses induced by the BRF plate 
(100% - BRF Transmission), as well as the Yb:YLF tuning curve 
and optical spectrum of the two-color laser. Note that, the 
lasing lines are located at the maxima of BRF plate 
transmission (or minima of BRF induced cavity losses).  
Moreover, since the BRF introduces no additional intentional 
losses at the lasing wavelengths, the achieved output power 
level in two-color laser operation is also quite high. This 
example demonstrates the usage of method 1 in achieving 
multicolor laser operation (see Section 4). 
 
As another representative example, Fig. 11 shows dual-
wavelength operation data for Yb:LuAG at laser wavelengths of 
2000 & 2021 nm. For this case, dual-wavelength operation has 
been achieved at a BRF rotation angle () of around 15. At this 
rotation angle, filter order is 1 (m=1), and we have a very broad 
filter FWHM. The BRF filter transmission maxima (or filter loss 
minima) is located around 2000 nm. One of the lasing lines (the 
weak line) is located at this transmission maxima, and the 
second laser line is located at 2021 nm, where the laser 
emission is stronger.  At 2021 nm, the additional BRF loss 
balances the higher gain and enables synchronous dual-
wavelength operation with the weaker 2000 nm line (method 
2). The output power in two-color operation is relatively low 



(223 mW), partly due to the additional loss introduced by the 
BRF to balance gain.  
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Fig. 11 Detailed analysis of synchronous dual-wavelength cw 
laser operation in Tm:LuAG at 2000 & 2021 nm pair (223 mW 
output power). Dual-wavelength operation has been achieved 
at a BRF plate rotation angle () of around 15. The calculated 
cavity round-trip travel losses induced by the BRF as well as 
the estimated total cavity leakage loss are also shown. 
 
In summary, we have seen from these two representative 
examples that, our simple analysis could be used to roughly 
understand and predict multicolor laser operation in Tm-
doped lasers. On the other hand, a mathematically more 
rigorous analysis involving detailed laser physics is 
recommended for a deeper understanding of the phenomena. 
Our simple analysis and experimental results just show the 
potential of off-surface optic axis BRFs in achieving superior 
performance in multicolor laser operation compared to other 
widely used methods. 

6. Conclusion 

In conclusion, we have acquired broadly-tunable dual-
wavelength laser operation in three different Tm3+ doped laser 
systems using a 3-mm-thick crystal quartz BRF with an optic 
axis 45 to the surface of the plate. Two-color laser operation 
has been demonstrated in 11, 12 and 8 different wavelength 
pairs in Tm:YLF, Tm:LuAG and Tm:YAG, respectively. 
Simulation results has been used to explain/predict the 
observed results. To our knowledge, this is the first report of 
dual-wavelength operation in these gain media. The  BRF 
sample used in this study was also used in earlier cw and 
femtosecond tuning experiments with Cr:LiSAF [35], for dual-
wavelength laser operation in Cr:LiSAF [22] and Cr:Nd:GSGG 
[22, 23], showing the universality and extensive usage 
potential of off-surface optic axis BRFs for many applications. 
In this study, only cw results are presented, but it is possible to 
use this method in mode-locked regime to obtain dual-
wavelength cw mode-locked operation with picosecond level 

pulses, as it was already demonstrated in Cr:Nd:GSGG[23]. We 
foresee that usage of thicker BRFs (5-10 mm) could enable 
even better multicolor laser performance in future studies with 
Tm-based lasers. 
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