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Abstract: In this study, we numerically and experimentally investigate application of 
birefringent filters (BRFs) as frequency selective elements in multicolor lasers. A BRF plate 
made out of crystalline quartz with an arbitrarily oriented optical axis has been explored. 
Simulation results have shown that compared to regular BRFs where the optical axis lies in 
the plane of the plates surface, a BRF with an optical axis pointing out of its surface enables 
design flexibility in filter parameters, providing access to a wider set of free spectral range 
and bandwidth values. As a result, multicolor operation could be obtained in many 
wavelength pairs using a single BRF plate. In the experiments a 3-mm thick quartz BRF with 
an optical axis 45° to the surface plane has been used. With Cr:Nd:GSGG as a laser medium 
two-color and three-color cw laser operation has been demonstrated in 11 and 3 different 
transition combinations, respectively. Moreover, two-color laser operation has been 
demonstrated in 10 different wavelength pairs in Cr:LiSAF. To our knowledge, this study is 
the first detailed investigation and experimental demonstration of BRFs with tilted optical 
axis for multicolor operation of solid-state lasers. Compared to other methods, BRFs enable a 
rich selection of transition pairs and also the ratio of the power in each line could be regulated 
by fine adjustment of the rotation angle. Implementation of tilted-axis BRFs should boost 
development of efficient and low-cost multicolor lasers in other gain media as well. 
© 2017 Optical Society of America 

OCIS codes: (140.3600) Lasers, tunable; (140.3580) Lasers, solid-state; (140.3480) Lasers, diode-pumped. 

References and links 

1. B. M. Walsh, “Dual wavelength lasers,” Laser Phys. 20(3), 622–634 (2010). 
2. K. Kawase, M. Mizuno, S. Sohma, H. Takahashi, T. Taniuchi, Y. Urata, S. Wada, H. Tashiro, and H. Ito, 

“Difference-frequency terahertz-wave generation from 4-dimethylamino-N-methyl-4-stilbazolium-tosylate by 
use of an electronically tuned Ti:sapphire laser,” Opt. Lett. 24(15), 1065–1067 (1999).

3. P. Gu, F. Chang, M. Tani, K. Sakai, and C.-L. Pan, “Generation of Coherent cw-Terahertz Radiation Using a 
Tunable Dual-Wavelength External Cavity Laser Diode,” Jpn. J. Appl. Phys. 38(Part 2, No. 11A), L1246–L1248
(1999).

4. M. Scheller, J. M. Yarborough, J. V. Moloney, M. Fallahi, M. Koch, and S. W. Koch, “Room temperature
continuous wave milliwatt terahertz source,” Opt. Express 18(26), 27112–27117 (2010).

5. M. D. Pelusi, H. F. Liu, D. Novak, and Y. Ogawa, “THz optical beat frequency generation from a single mode 
locked semiconductor laser,” Appl. Phys. Lett. 71(4), 449–451 (1997).

6. S. Pan, X. Zhao, and C. Lou, “Switchable single-longitudinal-mode dual-wavelength erbium-doped fiber ring
laser incorporating a semiconductor optical amplifier,” Opt. Lett. 33(8), 764–766 (2008).

7. C. W. Chow, C. S. Wong, and H. K. Tsang, “All-optical NRZ to RZ format and wavelength converter by dual-
wavelength injection locking,” Opt. Commun. 209(4-6), 329–334 (2002).

Vol. 25, No. 3 | 6 Feb 2017 | OPTICS EXPRESS 2594 

#280820 https://doi.org/10.1364/OE.25.002594
Journal © 2017 Received 15 Nov 2016; revised 21 Dec 2016; accepted 22 Dec 2016; published 1 Feb 2017 

Konstanzer Online-Publikations-System (KOPS) 
URL: http://nbn-resolving.de/urn:nbn:de:bsz:352-0-396453

Erschienen in: Optics Express ; 25 (2017), 3. - S. 2594-2607 
http://dx.doi.org/10.1364/OE.25.002594



8. R. Gaulton, F. M. Danson, F. A. Ramirez, and O. Gunawan, “The potential of dual-wavelength laser scanning 
for estimating vegetation moisture content,” Remote Sens. Environ. 132, 32–39 (2013). 

9. J. Kühn, T. Colomb, F. Montfort, F. Charrière, Y. Emery, E. Cuche, P. Marquet, and C. Depeursinge, “Real-time 
dual-wavelength digital holographic microscopy with a single hologram acquisition,” Opt. Express 15(12), 
7231–7242 (2007). 

10. J. B. Abshire, “Pulsed multiwavelength laser ranging system for measuring atmospheric delay,” Appl. Opt. 
19(20), 3436–3440 (1980). 

11. F. Ganikhanov, S. Carrasco, X. Sunney Xie, M. Katz, W. Seitz, and D. Kopf, “Broadly tunable dual-wavelength 
light source for coherent anti-Stokes Raman scattering microscopy,” Opt. Lett. 31(9), 1292–1294 (2006). 

12. L. Chen, Z. Wang, H. Liu, S. Zhuang, H. Yu, L. Guo, R. Lan, J. Wang, and X. Xu, “Continuous-wave tri-
wavelength operation at 1064, 1319 and 1338 nm of LD end-pumped Nd:YAG ceramic laser,” Opt. Express 
18(21), 22167–22173 (2010). 

13. Y. Tan, F. Chen, J. R. Vázquez de Aldana, H. Yu, and H. Zhang, “Tri-wavelength laser generation based on 
neodymium doped disordered crystal waveguide,” Opt. Express 21(19), 22263–22268 (2013). 

14. B. Zhang, S. Guo, J. He, S. Liu, J. Yang, J. Xu, and H. Huang, “Tri-wavelength laser with Nd:CLTGG crystal,” 
Appl. Phys. B 105(4), 807–811 (2011). 

15. Y.-F. Chen, “cw dual-wavelength operation of a diode-end-pumped Nd:YVO4 laser,” Appl. Phys. B 70(4), 475–
478 (2000). 

16. J. L. He, J. Du, J. Sun, S. Liu, Y. X. Fan, H. T. Wang, L. H. Zhang, and Y. Hang, “High efficiency single- and 
dual-wavelength Nd : GdVO4 lasers pumped by a fiber-coupled diode,” Appl. Phys. B 79(3), 301–304 (2004). 

17. H.-T. Huang, J.-L. He, B.-T. Zhang, J.-F. Yang, J.-L. Xu, C.-H. Zuo, and X.-T. Tao, “V3+:YAG as the saturable 
absorber for a diode-pumped quasi-three-level dual-wavelength Nd:GGG laser,” Opt. Express 18(4), 3352–3357 
(2010). 

18. H. Y. Shen, W. X. Lin, R. R. Zeng, Y. P. Zhou, G. F. Yu, C. H. Huang, Z. D. Zeng, W. J. Zhang, R. F. Wu, and 
Q. J. Ye, “1079.5- and 1341.4-nm: larger energy from a dual-wavelength Nd:YAIO3 pulsed laser,” Appl. Opt. 
32(30), 5952–5957 (1993). 

19. A. Brenier, C. Tu, Z. Zhu, and B. Wu, “Red-green-blue generation from a lone dual-wavelength 
GdAl3(BO3)4:Nd3+ laser,” Appl. Phys. Lett. 84(12), 2034–2036 (2004). 

20. H. Yoshioka, S. Nakamura, T. Ogawa, and S. Wada, “Dual-wavelength mode-locked Yb:YAG ceramic laser in 
single cavity,” Opt. Express 18(2), 1479–1486 (2010). 

21. B. Yao, Y. Tian, G. Li, and Y. Wang, “InGaAs/GaAs saturable absorber for diode-pumped passively Q-switched 
dual-wavelength Tm:YAP lasers,” Opt. Express 18(13), 13574–13579 (2010). 

22. H. Maestre, A. J. Torrogrosa, J. A. Pereda, C. R. Fernandez-Pousa, and J. Capmany, “Dual-wavelegth 
Cr+3:LiCaAlF6 solid-state laser with tunable THz frequency difference,” IEEE J. Quantum Electron. 46(11), 
1681–1685 (2010). 

23. L. Kunpeng, Y. Li, S. Yanlong, H. Chao, Z. Feng, C. Hongwei, H. Ke, and Y. Aiping, “Dual-wavelength 
operation in all-solid-state Cr:LiSAF lasers with grating-controlled coupled-cavities,” Opt. Laser Technol. 74, 1–
5 (2015). 

24. D. Bruneau, H. Cazeneuve, C. Loth, and J. Pelon, “Double-pulse dual-wavelength alexandrite laser for 
atmospheric water vapor measurement,” Appl. Opt. 30(27), 3930–3937 (1991). 

25. L. C. Kong, Z. P. Qin, G. Q. Xie, X. D. Xu, J. Xu, P. Yuan, and L. J. Qian, “Dual-wavelength synchronous 
operation of a mode-locked 2-μm Tm:CaYAlO4 laser,” Opt. Lett. 40(3), 356–358 (2015). 

26. A. Leitenstorfer, C. Fürst, and A. Laubereau, “Widely tunable two-color mode-locked Ti:sapphire laser with 
pulse jitter of less than 2 fs,” Opt. Lett. 20(8), 916–918 (1995). 

27. R. Akbari, H. Zhao, and A. Major, “High-power continuous-wave dual-wavelength operation of a diode-pumped 
Yb:KGW laser,” Opt. Lett. 41(7), 1601–1604 (2016). 

28. C. G. Treviño-Palacios, C. Wetzel, and O. J. Zapata-Nava, “Design of a Dual Wavelength Birefringent Filter ” in 
RIAO/OPTILAS 2007 (AIP Conference Proceedings 2007), 392–397.  

29. C. G. Trevino-Palacios, O. J. Zapata-Nava, E. V. Mejia-Uriarte, N. Qureshi, G. Paz-Martinez, and O. 
Kolokolstev, “Dual wavelength continuous wave laser using a birefringent filter,” J. Eur. Opt. Soc. 8, 13021 
(2013). 

30. A. L. Bloom, “Modes of a laser resonator containing tilted birefringent plates,” J. Opt. Soc. Am. B 64(4), 447–
452 (1974). 

31. D. R. Preuss and J. L. Gole, “Three-stage birefringent filter tuning smoothly over the visible region: theoretical 
treatment and experimental design,” Appl. Opt. 19(5), 702–710 (1980). 

32. S. Lovold, P. F. Moulton, D. K. Killinger, and N. Menwk, “Frequency Tuning Characteristics of a -Switched 
Co:MgF2 Laser,” IEEE J. Quantum Electron. 21(3), 202–208 (1985). 

33. S. Zhu, “Birefringent filter with tilted optic axis for tuning dye lasers: theory and design,” Appl. Opt. 29(3), 410–
415 (1990). 

34. X. Wang and J. Yao, “Transmitted and tuning characteristics of birefringent filters,” Appl. Opt. 31(22), 4505–
4508 (1992). 

35. H. Wu, C. Zhang, and X. Bai, “A complete description of polarization and transmission of nonnormal incident 
rays in a uniaxial birefringent plate with arbitrary optic axis,” Opt. Commun. 283(21), 4129–4134 (2010). 

                                                                                                   Vol. 25, No. 3 | 6 Feb 2017 | OPTICS EXPRESS 2595 



36. C. Q. Wang, Y. T. Chow, D. R. Yuan, D. Xu, G. H. Zhang, M. G. Liu, J. R. Lu, Z. S. Shao, and M. H. Jiang, 
“CW dual-wavelength Nd:YAG laser at 946 and 938.5 nm and intracavity nonlinear frequency conversion with a 
CMTC crystal,” Opt. Commun. 165(4-6), 231–235 (1999). 

37. Z. Cong, D. Tang, W. De Tan, J. Zhang, C. Xu, D. Luo, X. Xu, D. Li, J. Xu, X. Zhang, and Q. Wang, “Dual-
wavelength passively mode-locked Nd:LuYSiO5 laser with SESAM,” Opt. Express 19(5), 3984–3989 (2011). 

38. J. Hou, L. H. Zheng, J. L. He, J. Xu, B. T. Zhang, Z. W. Wang, F. Lou, R. H. Wang, and X. M. Liu, “A tri-
wavelength synchronous mode-locked Nd:SYSO laser with a semiconductor saturable absorber mirror,” Laser 
Phys. Lett. 11(3), 035803 (2014). 

39. C. Y. Cho, C. C. Chang, and Y. F. Chen, “Efficient dual-wavelength laser at 946 and 1064 nm with compactly 
combined Nd:YAG and Nd:YVO4 crystals,” Laser Phys. Lett. 10(4), 045805 (2013). 

40. G. Shayeganrad and L. Mashhadi, “Dual-wavelength CW diode-end-pumped a-cut Nd:YVO4 laser at 1064.5 and 
1085.5 nm,” Appl. Phys. B 111(2), 189–194 (2013). 

41. Y.-F. Chen and S. W. Tsai, “Diode-pumped -switched Nd:YVO4 yellow laser with intracavity sum-frequency 
mixing,” Opt. Lett. 27(6), 397–399 (2002). 

42. T. Waritanant and A. Major, “Dual-Wavelength CW Operations at 1064.1 & 1073.1 nm and 1064.1 & 1085.3 
nm of Nd:YVO4 Laser,” in CLEO, (OSA, 2014), p. JW2A.82. 

43. N. Pavel, “Simultaneous dual-wavelength emission at 0.90 and 1.06 µm in Nd-doped laser crystals,” Laser Phys. 
20(1), 215–221 (2010). 

44. B. Wu, P. Jiang, D. Yang, T. Chen, J. Kong, and Y. Shen, “Compact dual-wavelength Nd:GdVO4 laser working 
at 1063 and 1065 nm,” Opt. Express 17(8), 6004–6009 (2009). 

45. Y. F. Lü, J. Xia, X. H. Zhang, Z. T. Liu, and J. F. Chen, “Dual-wavelength laser operation at 1064 and 914 nm in 
two Nd:YVO4 crystals,” Laser Phys. 20(4), 737–739 (2010). 

46. R. Zhou, W. Wen, Z. Cai, X. Ding, P. Wang, and J. Yao, “Efficient stable simultaneous CW dual-wavelength 
diode-end-pumped Nd:YAG laser operating at 1.319 and 1.338 μm,” Chin. Opt. Lett. 3, 597–599 (2005). 

47. P. Li, D. Li, C. Li, and Z. Zhang, “Simultaneous dual-wavelength continuous wave laser operation at 1.06 μm 
and 946 nm in Nd:YAG and their frequency doubling,” Opt. Commun. 235(1-3), 169–174 (2004). 

48. A. Agnesi, F. Pirzio, G. Reali, A. Arcangeli, M. Tonelli, Z. Jia, and X. Tao, “Multi-wavelength diode-pumped 
Nd:LGGG picosecond laser,” Appl. Phys. B 99(1-2), 135–140 (2010). 

49. X. Z. Wang, Z. F. Wang, Y. K. Bu, L. J. Chen, G. X. Cai, and Z. P. Cai, “A 1064- and 1074-nm Dual-
Wavelength Nd:YAG Laser Using a Fabry–Perot Band-pass Filter as Output Mirror,” IEEE Photonics J. 6(4), 
1501607 (2014). 

50. H. Yu, K. Wu, B. Yao, H. Zhang, Z. Wang, J. Wang, X. Zhang, and M. Jiang, “Efficient triwavelength laser with 
a Nd:YGG garnet crystal,” Opt. Lett. 35(11), 1801–1803 (2010). 

51. H. Yu, H. Zhang, Z. Wang, J. Wang, Y. Yu, X. Zhang, R. Lan, and M. Jiang, “Dual-wavelength neodymium-
doped yttrium aluminum garnet laser with chromium-doped yttrium aluminum garnet as frequency selector,” 
Appl. Phys. Lett. 94(4), 041126 (2009). 

52. H. Yu, H. Zhang, Z. Wang, J. Wang, Y. Yu, Z. Shi, X. Zhang, and M. Jiang, “High-power dual-wavelength laser 
with disordered Nd:CNGG crystals,” Opt. Lett. 34(2), 151–153 (2009). 

53. G. Q. Xie, D. Y. Tang, H. Luo, H. J. Zhang, H. H. Yu, J. Y. Wang, X. T. Tao, M. H. Jiang, and L. J. Qian, 
“Dual-wavelength synchronously mode-locked Nd:CNGG laser,” Opt. Lett. 33(16), 1872–1874 (2008). 

54. Y. Zhao, Z. Wang, H. Yu, X. Xu, J. Xu, and X. Xu, “Efficient multi-wavelength lasers made of Nd:GdLuAG 
crystal,” Chin. Opt. Lett. 13(2), 021404 (2015). 

55. Y.-J. Huang, T. Hsinchu, Y.-S. Tzeng, C.-Y. Tang, and Y.-F. Chen, “Efficient Dual-Wavelength Synchronously 
Mode- Locked Picosecond Laser Operating on the 4F 3/2 → 4I11/2 Transition With Compactly Combined Dual 
Gain Media,” IEEE J. Sel. Top. Quantum Electron. 21, 1100107 (2015). 

56. Y. J. Huang, Y. S. Tzeng, C. Y. Tang, S. Y. Chiang, H. C. Liang, and Y. F. Chen, “Efficient high-power 
terahertz beating in a dual-wavelength synchronously mode-locked laser with dual gain media,” Opt. Lett. 39(6), 
1477–1480 (2014). 

57. J.-L. Xu, J.-L. H. S.-Y. Guo, B.-Y. Zhang, Y. Yang, H. Yang, and S.-D. Liu, “Dual-wavelength asynchronous 
and synchronous mode-locking operation by a Nd:CLTGG disordered crystal,” Appl. Phys. B 107(1), 53–58 
(2012). 

58. J. Hou, X.-W. Fu, J.-L. He, Y. Yang, B.-T. Zhang, Z.-W. Wang, K.-J. Yang, Z.-T. Jia, R.-H. Wang, X.-M. Liu, 
C.-M. Dong, and X. Tao, “Dual-wavelength passively mode-locked Nd:LGGG laser with SESAM,” IEEE 
Photon. Technol. Lett. 26(1), 40–42 (2014). 

59. U. Demirbas and I. Baali, “Power and efficiency scaling of diode pumped Cr:LiSAF lasers: 770-1110 nm tuning 
range and frequency doubling to 387-463 nm,” Opt. Lett. 40(20), 4615–4618 (2015). 

60. F. Canbaz, E. Beyatli, L.-J. Chen, A. Sennaroglu, F. X. Kärtner, and U. Demirbas, “Highly efficient and robust 
operation of Kerr-lens mode-locked Cr:LiSAF lasers using gain-matched output couplers,” Opt. Lett. 39(2), 
327–330 (2014). 

61. U. Demirbas, G. S. Petrich, D. Li, A. Sennaroglu, L. A. Kolodziejski, F. X. Kärtner, and J. G. Fujimoto, 
“Femtosecond tuning of Cr:Colquiriite lasers with AlGaAs-based saturable Bragg reflectors,” J. Opt. Soc. Am. B 
28(5), 986–993 (2011). 

                                                                                                   Vol. 25, No. 3 | 6 Feb 2017 | OPTICS EXPRESS 2596 



1. Introduction 

Dual-wavelength and tri-wavelength (multicolor) operation of solid-state lasers in 
continuous-wave, Q-switched and mode-locked regimes has been attracting great deal of 
attention [1]. This is due to the need for such sources in application like generation of 
coherent terahertz (THz) waves [2–4], generation of ultrahigh pulse repetition rates by optical 
beating [5], optical communication [6,7], remote sensing [8], digital holographic microscopy 
[9], laser ranging [10], and coherent anti-Stokes Raman scattering microscopy [11]. 
Simultaneous dual/tri-wavelength laser operation have been shown in many solid state laser 
gain media including Nd:YAG [1,12], Nd:CNGG [13], Nd:CLTGG [14], Nd:YVO4 [15], 
Nd:GdVO4 [16], Nd:GGG [17], Nd:YAlO3 [18], Nd:NGAB [19], Yb:YAG [20], Tm:YAP 
[21], Cr:LiCAF [22], Cr:LiSAF [23], Alexandrite [24], Tm:CaYAlO4 [25], Tm:Ho:Er:YAG 
[1], and Ti:Sapphire [26]. Most of these systems report dual/triple wavelength operation in a 
few pairs of lines. Also, the ratio of the power in each line varies with external factors such as 
pump power, and could not be controlled easily. Moreover, variation of the output coupler 
percentage also creates shift of multicolor laser wavelengths [27]. These drawbacks are due to 
the method used for frequency selection, where operating in multi-wavelength regime require 
specially coated cavity optics and/or coupled cavities, which can usually be optimized for a 
single transition pair at a fixed pump power and output coupling. 

Regular birefringent filters where the optical axis lies in the plane of the plate have been 
recently used in generation of dual-wavelength radiation from cw Yb:KGW lasers [27]. 
However, the free-spectral range of regular birefringent filters does not vary a lot with the 
rotation angle of the plate, limiting the set of THz frequencies that can be achieved in [27]. 
For example, a frequency difference of 7.57 THz (1014.6 nm and 1041.3 nm) has been 
demonstrated using a 4-mm-thick BR filter in [27], and accessing other different frequency 
values required use of BR filters with different thicknesses. A multiple-plate BRF was also 
employed to obtain dual-wavelength cw operation in Ti:Sapphire [28, 29]. In our 
experiments, a 3-mm-thick quartz crystal birefringent filter with an optical axis tilted 45° with 
respect to the plate’s surface has been used for spectral selection. Compared to regular BRFs 
where the optical axis lies in the plane of the plate, a BRF with an optical axis pointing out of 
its surface enables access to a wider set of free spectral range and filter bandwidths [30–35]. 
This fact eliminates the need to change the thickness of BR filter to access different 
multicolor wavelength pairs. In the experiments we have investigated multicolor laser 
operation with our BRF using Cr:Nd:GSGG and Cr:LiSAF gain media. In continuous-wave 
laser experiments with Cr:Nd:GSGG, we have achieved quite stable lasing in 11 different line 
pairs in dual-wavelength operation, and in 3 different groups of triple lines in tri-wavelength 
operation. Obtaining stable multicolor laser operation with Cr:LiSAF was more challenging 
due to the broadband nature of the gain, but as it was also recently demonstrated by Akbari et 
al in [27] with Yb, the method was still applicable and high-quality two-color cw output has 
been demonstrated in 10 different lines. Simple rotation of the BRF plate enabled adjustment 
of the power in each line. To our knowledge, this is the first report of multi-wavelength 
operation in a Cr:Nd:GSGG laser. Moreover, to our knowledge such diversity in wavelength 
selection has not been achieved before from any Nd-based system. Results with Cr:LiSAF 
confirm that the method can also be applied to broadband solid-state gain media. These 
experiments verify the advantages of BRFs with an optical axis pointing out of its surface as 
frequency selective elements in multicolor lasers. We believe that multicolor lasers systems 
based on birefringent filters may work quite well for other laser concepts as well. 

2. Theoretical background and simulation results 

In this part, with our numerical simulation results, we would like to present filtering 
properties of laser resonators that contain a uniaxial birefringent plate with an arbitrary 
optical axis. In particular, we show that the usually employed birefringent filters which have 
its crystal axis oriented within the surface of the plate can provide a limited range of filter 
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parameters (such as free spectral range and bandwidth). On the other hand, if the crystal axis 
is chosen correctly, a single birefringent plate could offer a rich range of filter parameters 
from a single-element filter. Basically, as the BRF is rotated about an axis normal to the 
surface, one can attain different values of free spectral range and bandwidth from the BRF. 
Then accessing different filter parameters only requires adjustment of the plate’s rotation 
angle correctly. As a result from a single BRF, one can obtain many different filter 
parameters, rendering these filters quite useful for many applications such as broadband cw 
and femtosecond tuning as well as multicolor laser operation, which will be the focus of this 
paper. 

c


t

Surface normal

s


ρ

Light path

σ
βγ

Incident ray

(a) (b)

Laser 
crystal

OCBRFM3

M1 M2

 

Fig. 1. (a) An X-type laser cavity that contains the laser crystal and a single birefringent plate 
tilted at Brewster’s angle. (b) Light beam incident on a uniaxial birefringent plate at Brewster’s 

angle. The orientation of the plate’s crystal axis is arbitrary. c


: orientation of the crystal, s


: 
direction of beam propagation, β: internal Brewster’s angle, ρ: rotation angle of the plate, σ: 
angle between the optical axis and the surface normal. 

As a starting point, Fig. 1(a) shows the particular situation that we would like to 
investigate here. We assume that our cavity contains a birefringent tuning plate (BR plate) 
that is placed at Brewster’s angle inside the cavity. The cavity also contains a laser crystal 
that is inserted at Brewster’s angle as well (this is not necessary and a flat-flat crystal with 
antireflective coatings could also be used, but a Brewster-cut crystal helps to increase the 
selectivity of the birefringent filter by increasing the modulation depth). The birefringent 
filter will transform the incident TM polarized light into some elliptical polarization that will 
contain both TM and TE modes. The Brewster surfaces of the laser crystal and the 
birefringent plate will create loss for the TE polarized part of the beam. Figure 1(b) shows a 
detailed view of the birefringent filter, where we have followed the notation that was 
introduced in [32]. The incident ray, the light’s path inside the crystal and the orientation of 
the crystal ( c


) are all shown. Note that the axis of the birefringent plate ( c


) is arbitrarily 

oriented and does not lie in the plane of the plate’s surface. In Fig. 1(b), t is the thickness of 
the plate, β is the internal Brewster’s angle (around 33° in quartz around a wavelength of 1 
μm), s


is the direction of beam propagation in the plate, ρ is the rotation angle of the plate, γ 

is the angle between the crystals axis and the beam propagation direction and σ is the angle 
between the optical axis and the surface normal (when σ = 90°, the optical axis lies on the 
surface of the plate, which is what is typically employed in birefringent filters). As we have 
mentioned, the BR plate will change the polarization of the intracavity laser beam, creating a 
wavelength dependent loss. Besides the wavelength (λ), this loss will also depend on the 
thickness of the birefringent plate (t), the rotation angle of the birefringent filter ρ, as well as 
well as the angle between the optical axis and the surface normal (σ). Theoretical details of 
transmission characteristics of such laser systems containing birefringent filters have been 
studied in detail earlier [30–35] and will not be repeated here. In the following, we will 
present numerical simulation results that are based on Jones matrix analysis of the entire 
cavity. We will mostly elaborate on the importance of the orientation of the plate optical axis 
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in determining filtering characteristics of the system especially for multicolor laser operation 
applications. 

 

Fig. 2. Calculated transmission characteristics of a Cr:Nd:GSGG laser cavity around 1 μm, as a 
function of wavelength for different values of birefringent plates rotation angle (for ρ in the 
range from 15° to 115°, see differently colored graphs). The calculation has been performed 
for a 3-mm-thick crystal quartz birefringent plate with an optical axis tilted 45° with respect to 
the plate’s surface (σ = 45°). The graph is separated into two for easier viewing. 
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Fig. 3. Calculated transmission characteristics of a Cr:Nd:GSGG laser cavity around 1 μm, as a 
function of wavelength for different values of birefringent plates rotation angle (for ρ in the 
range from 15° to 35°, as indicated by the blue (ρ = 35°), green (30°), red (23°) and yellow 
(15°) colors). The calculation has been performed for a 3 mm thick crystal quartz birefringent 
plate with an optical axis that lies on the surface of the plate (σ = 90°). 

As an example, Fig. 2(a) shows the calculated transmission properties of a Cr:Nd:GSGG 
laser operating around 1 μm that contains a 3-mm-thick crystal quartz birefringent plate with 
an optical axis tilted 45° with respect to the plate’s surface (the angle is chosen as σ = 45° 
here, since such a BRF filter was available to us and therefore used in the experiments). Both 
the birefringent plate and the gain medium were assumed to be inserted at Brewster’s angle. 
The transmission is calculated for several different rotation angles ρ of the birefringent plate 
in the range from 15° to 115°. In the experiments, changing ρ refers to rotation of the BRF 
about an axis normal to the surface, as shown in Fig. 1(b). Also, the results are symmetric for 
ρ values of 0°-180° and 180°-360°; hence, we will focus only on the 0°-180° range here. Note 
from Fig. 2 that as the plate’s rotation angle is varied, the filter properties such as modulation 
depth, free spectral range and full-width-half-maximum (FWHM) of the transmission peaks 
change considerably. As an example, when ρ = 15°, the filter has a FWHM of 75 nm and a 
modulation depth of around 45%. On the other hand, ρ = 115° provides a similar modulation 
depth but has a FWHM of around 5 nm. Hence, when its optical axis is not oriented parallel 
to its surface, the same filter could provide quite different filter functions at different values 
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of rotation. For comparison, Fig. 3 shows the calculated transmission in the same wavelength 
region for a regular birefringent plate with an optical axis on the surface of the plate (σ = 90°, 
all the other parameters are same as Fig. 2). Note that for this case, the free spectral range and 
the full-width-half-maximum of the filter stay nearly the same and are not strong functions of 
the rotation angle ρ. Hence, such a filter offers limited flexibility compared to an BRF with an 
optical axis pointing out of its surface. 

As we have discussed above using Fig. 2 and Fig. 3, compared to a regular BRF plate, a 
BRF plate with an optical axis pointing out of plate’s surface provides a wider range of filter 
parameters. This observation can also be seen from Fig. 4 which plots the variation of free-
spectral range (FSR), FWHM and modulation depth as a function of plates rotation angle ρ 
around the 1 μm region for the plate with an optical axis tilted 45° with respect to the plate’s 
surface (σ = 45°). First of all, consistent with the observations from Fig. 2, there are two 
regions where the modulation depth is high, which is necessary for the plate to be useful for 
many of the tuning applications (one narrow band region around ρ = 15° and another 
broadband region around ρ = 115°). As may be seen from Fig. 4, around 15° one can attain 
FSR values above 500 nm and FWHM values around 75 nm. On the other hand, at rotation 
angles around 115°, one can obtain FSR values in the 40-80 nm range and FWHM values 
between 6 nm and 15 nm (again in accordance with Fig. 2). 
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Fig. 4. Calculated variation of free spectral range (FSR), FWHM and modulation depth for a 
Cr:Nd:GSGG laser cavity operating around a wavelength of 1 μm, as a function of rotation 
angle ρ of the birefringent plate. The calculation has been performed for an optical axis 
orientation 45°. The crystal quartz birefringent plate was assumed to have a thickness of 3 mm. 

From an alternative perspective, Fig. 5 shows the calculated transmission of the system at 
a fixed wavelength of 1061 nm (coinciding with the gain peak of Cr:Nd:GSGG) as a function 
of plate’s rotation angle. The transmission is calculated for two different σ angles: (a) 45° and 
(b) 90°. We would like to remind here that σ is the angle between the optical axis and the 
surface normal and σ = 90° refers to a typical birefringent plate with an optical axis that lies 
on the surface of the plate. Note that as the birefringent plate is rotated, the incident wave at 
1061 nm sees several transmission maxima (where the birefringent plate does not change the 
incident polarization state). Note that, for the plate with a σ of 45° [Fig. 5(a)], around each of 
this transmission maxima (27 different orders), the filter characteristics are different and one 
can attain different FWHM and FSR values. On the other side, for the typical birefringent 
plate with an optical axis that lies on the surface [σ = 90°, Fig. 5(b)], there are lower number 
of orders (20), and transmission maxima are distributed quite evenly (similar FSR) with each 
order having a similar width (FWHM). 
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Fig. 5. Calculated variation of transmission at a wavelength of 1061 nm as a function of 
birefringent plate rotation angle ρ for a Cr:Nd:GSGG laser cavity that contains a 3-mm-thick 
crystal quartz birefringent plate. The plate’s optical axis is tilted at an angle σ of (a) 45° and 
(b) 90° with respect to the plate’s surface. 

 

Fig. 6. Calculated variation of free spectral range (left) and modulation depth (right) for a 
Cr:Nd:GSGG laser cavity around 1 μm, as a function of birefringent plate rotation angle. The 
calculation has been performed for different optical axis orientation values σ ranging between 
0° and 90° (see differently colored graphs). The crystal quartz birefringent plate was assumed 
to have a thickness of 3 mm. 

To elaborate on this issue further, Fig. 6 shows the calculated variation of filter free 
spectral range and modulation depth as a function of filter rotation angle ρ. The calculation 
has been performed for several different optical axis orientations σ in the range from 0° and 
90°. When σ = 0°, the plate’s crystal axis is perpendicular to the plate surface, and hence the 
BR plate does not change the polarization state of the incident beam at all, yielding a 
modulation depth of 0 and the calculated free spectral range does not have any physical 
significance. As mentioned when σ = 90°, the plate’s crystal axis lies on the surface of the 
plate, and as can be seen the free spectral range value varies in a narrow range (30-45 nm). 
On the other hand, when σ = 45°, the FSR varies in a much wider range between 35 and 725 
nm, and this makes the filter useful for a broader array of applications. We note here that, as 
we mentioned earlier, all the values of this FSR might not be accessible, since the modulation 
depth might be too low for some cases. Lastly, as σ gets closer to β (the internal Brewster’s 
angle), the direction of beam propagation s


 gets closer to the direction of crystals c axis ( c


), 

γ approaches an angle of 0° and one can attain very large free spectral range values. However, 
in such a case the FWHM of the filter is also very large, which might not be optimum for 
tuning applications. 

In this work, we are interested in use of birefringent filters in multicolor laser operation 
applications. For example, assume one wants to obtain a two-color Cr:Nd:GSGG laser 
operating at the wavelengths of 1058 nm and 1061 nm. Looking at the emission spectrum, the 
line of Cr:Nd:GSGG around 1061 nm is stronger than the line at 1058 nm. Hence one needs 
to create some loss at 1061 nm to push the laser to operate at two colors simultaneously (to 
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roughly equalize the net gain at both transitions). Moreover, one may want to fine tune the net 
gain in each wavelength to adjust the laser power in each lasing line. Hence, ideally one needs 
a filter that potentially could enable a wide range of loss modulation. In that respect, since the 
birefringent filters with optical axis pointing out of the surface enables access to a wider 
selection of filter parameters such as free spectral range and filter bandwidth, they are better 
suited for multicolor laser operation applications. A wider set of filter parameters from a 
single BR plate: (i) enables multicolor operation in many different wavelength pairs, (ii) 
permits better adjustment of power at each wavelength in multicolor operation, and (iii) in 
some cases might improve the stability of the multicolor laser. In the following, we will 
present experimental data taken with Cr:Nd:GSGG and Cr:LiSAF lasers that confirm the 
expectations of our simulation results. 

3. Experimental setup 
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Fig. 7. Schematics of diode-pumped Cr:Nd:GSGG and Cr:LiSAF lasers. MMD: Multimode 
diode, PBS: Polarizing beam splitter cube, HWP: Half-wave plate, BRF: Birefringent tuning 
filter, OC: Output coupler. 

Figure 7 shows a schematic of the Cr:Nd:GSGG and Cr:LiSAF lasers that were used to 
demonstrate the potential of birefringent filters with a c-axis pointing out of plane in 
obtaining cw multicolor laser operation. The lasers were pumped by four 665 nm, linearly-
polarized 1.8-W single-emitter multi-mode diodes (MMD-1 to MMD-4). The output of the 
multimode diode lasers were first collected and collimated with aspheric lenses of a focal 
length of f = 4.5 mm and then focused inside the laser crystals to a spot size of around 25 μm 
× 70 μm using 100 mm focal length achromatic doublets. An astigmatically compensated X-
type cavity consisting of two curved pump mirrors (M1 and M2, R = 75 mm), a flat end 
mirror (M3) and output coupler (OC) were employed for both lasers. The cavity mirrors (M1-
M3) for Cr:Nd:GSGG had a reflectivity bandwidth extending from 845 nm to 1120 nm and a 
transmission of ∼97% at the pumping band. The cavity mirrors (M1-M3) for Cr:LiSAF had a 
reflectivity bandwidth extending from 730 nm to 1030 nm and a transmission of ∼98% at the 
pumping band. Short and long cavity arm lengths were 25 cm and 30 cm, respectively. As the 
gain media, we have used (a) a 8.15 mm long, 0.25% Cr and 0.015% Nd-doped Cr:Nd:GSGG 
crystal and (b) a 20-mm-long, 0.8% Cr-doped Cr:LiSAF crystal. The Cr content in 
Cr:Nd:GSGG enables pumping by visible red diodes, whereas the Nd content enables laser 
emission in the well-known emission wavelengths of the Nd ion. Both crystals were 
Brewster-cut to minimize laser reflection for the TM polarized intracavity laser beam. The 
Cr:Nd:GSGG sample absorbed 98.5% and 65% of the incident TM and TE polarized pump 
light, respectively (34% of the incident pump power was lost due to Fresnel reflections for TE 
polarization). The Cr:LiSAF crystal absorbed about 98% and 86% of the incident TM and TE 
polarized pump light, respectively (10% is lost for TE). The laser crystal holders were cooled 
to 15 °C with a circulating water chiller. For multicolor laser operation a 3-mm-thick crystal 
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quartz birefringent filter (BRF) with an optical axis 45° to the plate’s surface plane has been 
used for both gain media. The birefringent filter was inserted at Brewster’s angle into the 
cavity. During the experiments, the BRF was rotated about an axis normal to the surface to 
optimize its filtering properties for the desired operation regime. 

4. Experimental results 

4.1 Multicolor laser operation with Cr:Nd:GSGG 

 

Fig. 8. (a) Continuous-wave laser slope efficiencies taken with Cr:Nd:GSGG gain material 
using different output couplers and (b) Sample optical spectra obtained in single-wavelength 
operation. Output powers are also indicated for each case. The data was taken at an absorbed 
pump power of 4630 mW. 

In this section we present our multicolor laser operation results taken with the Cr:Nd:GSGG 
gain material. We will start this section with the regular continuous-wave laser results, 
meaning laser data taken in the usual single-wavelength operation regime. Figure 8(a) shows 
sample cw laser efficiency curves taken using 1%, 3% and 5.4% transmitting output couplers. 
As an inset, laser slope efficiencies obtained with respect to absorbed pump power were also 
indicated for each output coupler. The best laser performance was attained using the 5.4% 
output coupler, where we have obtained cw powers as high as 738 mW at an absorbed pump 
power of 4.6 W. On the other hand, to demonstrate tuning at more wavelengths or wavelength 
pairs, we have used the 3% transmitting output coupler in tuning experiments. With this 
output coupler, we have measured a laser threshold of 62 mW, and acquired a slope 
efficiency of 16.2%. The laser produced up to 496 mW of cw laser output at an absorbed 
pump power of 4.6 W. The free running laser wavelength was 1061 nm (with free running we 
mean for the cavity without the BR plate). When the BR plate was inserted into the cavity, the 
laser power at 1061 nm decreased to 455 mW due to the additional losses associated with the 
BR plate. By adjusting the rotation angle of the filter, we could attain lasing at 7 other 
wavelengths. Figure 8(b) shows sample spectra obtained from the single-wavelength cw 
Cr:Nd:GSGG laser. The cw output powers obtained at each transition are also indicated in the 
figure. Laser powers at the 1058 nm and 1061 nm lines are relatively high, as expected from 
the observed strength of these lines in the emission spectrum. 
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Fig. 9. Optical spectra obtained in (a) dual-wavelength, and (b) tri-wavelength operation of the 
continuous-wave Cr:Nd:GSGG laser. Average output powers are indicated for each case with 
the same coloring as compared to each individual spectrum, respectively. The data was taken 
at an absorbed pump power of 4630 mW. 

Figure 9 summarizes the multicolor cw laser operation results obtained with 
Cr:Nd:GSGG. By adjusting the rotation angle of the BR plate to the desired position, dual-
wavelength (two-color) cw operation has been obtained at 11 different transition pairs: 1051 
& 1058 nm, 1051 & 1061 nm, 1051 & 1103 nm, 1058 & 1061 nm, 1058 & 1068 nm, 1061 & 
1068 nm, 1061 & 1103 nm, 1065 & 1068 nm, 1068 & 1072 nm, 1068 & 1111 nm, 1071 & 
1111 nm, respectively. In Fig. 9, the data are plotted starting from the spectrum with the 
shortest lasing wavelength and the order of the graphs is not correlated with the rotation angle 
of the BRF plate. Output power levels are also indicated in the figure. In cw two-color laser 
operation, for most of the transition pairs, the laser was quite stable and by fine adjusting the 
rotation angle of the BRF, it was possible to vary the power in each transition. The frequency 
differences between the pairs range roughly between 0.7 THz and 13.5 THz, which 
potentially facilitates efficient THz generation at a wide spectral range. An interesting point to 
note here is that, even though the minimum free spectral range that can be provided by the 
BRF was around 30-40 nm for our case [Fig. 4], we could still obtain two-color laser 
operation with wavelength separations as low as 3 nm. This finding shows that, as mentioned 
earlier, for multicolor laser operation one needs to equalize net gain for the oscillating modes 
by introducing the correct filter function and this does not necessitate use of a BRF with an 
FSR value that matches the wavelength separation. Moreover, a birefringent filter with an 
optical axis on the plate’s surface can also be used for multicolor operation but it cannot 
provide the richness of wavelength pairs that we have obtained using an off-axis BRF in this 
study. With the BRF filter it was also possible to obtain three-color cw laser operation with 
Cr:Nd:GSGG at the 1051 & 1058 & 1061 nm, 1061 & 1065 & 1068 nm, and 1061 & 1068 & 
1072 nm wavelength groups [Fig. 9(b)]. However, as expected, unlike two-color laser 
operation the adjustment of the BRF filter angle does not allow free variation of lasers power 
in each line in this setting since this requires two independent inputs and we have only one. 
Still, as seen from Fig. 9(b), by fine adjustment of the filter angle, it was possible to almost 
equalize the power in each line for the 1051 & 1058 & 1061 nm and 1061 & 1065 & 1068 nm 
wavelength operation. 
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Table 1. Review of dual and tri-wavelength Nd-based solid state lasers 

Wavelengths 
(nm) 

Gain Medium 
Operating 
Regime 

Method for multicolor operation Reference 

938.5 & 946 Nd:YAG CW - [36] 
1079.5 & 1341.4 Nd:YAlO3 QS Specially designed cavity mirrors [18] 

932.9 & 936.5 Nd:GGG QS - [17] 
1075.8 & 1078.1 Nd:LYSO ML - [37] 

1075.5 & 1076.8 & 1078.2 Nd:SYO ML - [38] 

946 & 1064 
Nd:YAG 
Nd:YVO4 

CW 
Dual-crystal, coupled cavity 

(two OCs) 
[39] 

1064.5 & 1085.5 Nd:YVO4 CW Specially designed cavity mirrors [40] 
1064 & 1342 Nd:YVO4 CW Coupled cavity (two OCs) [15] 

1064 & 1342 & 593 Nd:YVO4 QS Coupled cavity (two OCs) 
[41] 

 
1064.1 & 1085.3 
1064.1 & 1085.3 

Nd:YVO4 CW Two birefringent plates [42] 

910 & 1064 
946 & 1064 

Nd:YAG 
Nd:YVO4 
Nd:GdVO4 

CW Coupled cavity [43] 

1063 & 1065 Nd:GdVO4 CW Coupled cavity [44] 
914 & 1064 Nd:YVO4 CW Dual-crystal [45] 

1319 & 1338 
1319 & 1338 & 1356 

Nd:YAG CW Specially designed cavity mirrors [46] 

1063 & 1342 Nd:YVO4 CW, QS Coupled cavity (two OCs) [16] 
946 & 1064 Nd:YAG CW Specially designed cavity mirrors [47] 

1066.6 & 1067.1 Nd:LGGG ML - [48] 
1064 & 1074 Nd:YAG CW Fabry-Perot band-pass filter [49] 

1058.9 & 1060.3 & 1062.1 Nd:YGG QS - [50] 
1064 & 1319 & 1338 Nd:YAG CW Specially designed cavity mirrors [12] 

1052 & 1064 Nd:YAG QS Cr:YAG saturable absorber [51] 
1059 & 1061 Nd:CNGG QS - [52] 

1059.35 & 1061.71 Nd:CNGG ML - [53] 
1320 & 1333.4 & 1338.4 

& 1353 
Nd:GdLuAG QS - [54] 

1063 & 1064 
Nd:YVO4 
Nd:GdVO4 

ML Dual-crystal [55,56] 

1059 & 1061 Nd:CLTGG ML - [57] 

1060.9 & 1062.7 Nd:LGGG ML - [58] 

1051 & 1058 
1051 & 1061 
1051 & 1103 
1058 & 1061 
1058 & 1068 
1061 & 1068 
1061 & 1103 
1065 & 1068 
1068 & 1072 
1068 & 1111 
1071 & 1111 

1051 & 1058 & 1061 
1061 & 1065 & 1068 
1061 & 1068 & 1072 

Cr:Nd:GSGG 
CW 

 
Birefringent tuning plate 

* 
 

*Denotes the results obtained in this work. 

To finalize this section, we would like to compare the multicolor laser operation results 
obtained with Cr:Nd:GSGG in this study with the other Nd-based laser results in the literature 
(Table 1). Our aim is to show the advantage of using BRFs with tilted optical axis in 
multicolor operation compared to other methods. In Table 1, for each summarized result from 
the literature, the gain medium, the multicolor laser wavelengths, the laser operation regime 
and the method used for multicolor operation are indicated. Note that most of the studies 
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report multicolor operation in a few pairs of transitions, whereas in our study we have 
obtained multicolor operation in 14 different wavelength groups. As indicated before, this is 
the advantage of using the BRF filter with a c-axis out of the crystals surface, which provides 
a rich range of filter parameters from a single device. Other approaches such as specially 
coated cavity mirrors, coupled cavities or two different laser crystals only provide multicolor 
operation at a few (if not one) wavelength pair. Moreover, the technique that is used in this 
paper allows easy adjustment of laser power in each line by adjustment of the BRF filter 
angle. This option is not always available relying on other techniques. Lastly, our setup is 
flexible to variation in pump power or output coupling, since again the fine adjustment of 
BRF angle provides a feedback mechanism to cancel out any undesired fluctuations. The 
results presented here were taken with Cr:Nd:GSGG which was available at the laboratory 
during the experiments. However the method we present is general and can be applied to any 
Nd-based gain media as well as other rare earth element doped gain media such as Er, Yb, Ho 
and Tm. 

4.2 Multicolor laser operation with Cr:LiSAF 

In the previous section, we have presented laser operation results taken with the Nd-based 
material Cr:Nd:GSGG. In multicolor laser operation, rare earth element doped gain media 
with sharp laser lines have advantage since the filter parameters should be optimized for two 
or three fixed known wavelengths. On the other hand, for the transition metal doped gain 
media such as Cr:LiSAF, laser operation over a broad wavelength range is feasible and 
multicolor operation requires a more subtle optimization. To test the feasibility of a BRF plate 
in multicolor operation in transition metal-doped gain media, we have performed detailed 
experiments with Cr:LiSAF as well. 
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Fig. 10. Optical spectra obtained in dual-wavelength operation of the continuous-wave 
Cr:LiSAF laser. Obtained output powers are also indicated for each case. The data were taken 
at an absorbed pump power of 1500 mW. 

Single-wavelength cw operation results of a multimode diode pumped Cr:LiSAF laser has 
recently been presented in [59], and here only the new results involving multicolor laser 
operation will be presented. In the experiments, the free running Cr:LiSAF laser was 
producing around 500 mW of cw output around 860 nm at an absorbed pump power of 1.5 W 
using a 1% transmitting output coupler (while pumping only with one of the multimode 
diodes). With the insertion of the BR plate, the output powers around 860 nm decreased to the 
450 mW level. In single wavelength operation, the laser could be tuned continuously from 
770 nm to 1110 nm. It requires two different highly reflective mirror sets to cover all this 
region [59]. 

Figure 10 shows the dual-wavelength operation results obtained with the Cr:LiSAF laser 
in cw mode. Obtained power levels from the Cr:LiSAF laser are indicated in the figure as 
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well (at an absorbed pump power of 1.5 W). The Cr:LiSAF laser could be operated in dual 
wavelength operation quite stably at 10 different laser wavelength pairs: 848 & 870 nm, 847 
& 877 nm, 846 & 884 nm, 839 & 888 nm, 838 & 892 nm, 816 & 899 nm, 814 & 920 nm, 814 
& 936 nm, 800 & 947 nm, and 789 & 869 nm, respectively. In Fig. 10, the spectra are 
depicted starting with lasing wavelength pairs with minimum separation and the order of the 
plots is not correlated with the rotation angle of the BRF plate. Note that the center of the 
lasing lines are located around 860 nm, which is where the gain of Cr:LiSAF maximizes. 
Besides the 10 wavelength pairs shown in Fig. 10, multicolor laser operation could also be 
obtained at many other pairs; the Cr:LiSAF laser, howevere, was not very stable at these other 
transition pairs and they will not be presented here. This we believe is due to the broad 
FWHM gain bandwidth of Cr:LiSAF of approximately 200 nm, which makes stabilization of 
two-color laser operation more challenging compared to narrow and discrete line gain media 
such as Cr:Nd:GSGG. First of all, unlike Cr:Nd:GSGG, it was not possible to adjust the 
wavelengths in multicolor operation: the laser optimizes itself and works at a wavelength pair 
that cannot be controlled. For example, we have obtained stable two-color laser operation at 
the 848 nm & 870 nm wavelength pair and obtained an output power of 350 mW. As 
mentioned the wavelengths are determined by the properties of the BRF, the specific optics 
used and the laser materials gain properties and therefore, they cannot be adjusted freely. 
Moreover, with Cr:LiSAF it was harder to adjust the power level in each line during two-
color operation again due to the above mentioned difficulty of broadband gain. However, as 
the results in Fig. 10 shows the method still works in Cr:LiSAF for many different 
wavelength pairs. Different BRF designs could potentially be used to attain two-color laser 
operation at other transition pairs in Cr:LiSAF. 

Note from Fig. 10 that the wavelength differences between the operating wavelength pairs 
are in the 22 nm to 80 nm range. This corresponds to a frequency difference ranging from 
around 9 THz to 70 THz. Moreover, the average power levels that are indicated in Fig. 10 are 
the results obtained while pumping the Cr:LiSAF laser with only one multimode-diode, and 
could be scaled up 3-4 times by applying all the available pump power from the diodes (i.e. to 
above 1.5 W level) [59]. We also believe that, using this BRF plate, multicolor laser operation 
is also feasible with ultrashort pulses in either Kerr lens mode-locked or Saturable Bragg 
mirror mode-locked laser cavities [60, 61]. Lastly, dual-wavelength cw operation has been 
demonstrated in Cr:LiSAF before using grating controlled coupled cavities [23]. However, 
the power levels reported were in the order of 10 mW only. 

5. Conclusions 

In summary, we have explored the application of birefringent filters as frequency selective 
elements in multicolor lasers. Our simulation results predicted that birefringent filters with an 
optical axis pointing out of its surface provide design flexibility in filter parameters and offer 
access to a very wide set of filter parameters. In the experiments, we have obtained cw 
multicolor laser operation in many laser line pairs in Cr:Nd:GSGG and Cr:LiSAF materials, 
in accord with the simulation results. We believe that tilted-axis BRFs should provide 
efficient and low-cost multicolor laser operation with other laser gain media as well. 
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