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h i g h l i g h t s

� A 345 mW Ho:YLF laser operating on single-longitudinal-mode is reported.
� The intracavity etalon method is used to achieve tunable operation.
� The output wavelength can be tuned from 2051.6 nm to 2063.3 nm.
� A 1.94 lm Tm-doped fiber laser is used as pump source.
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a b s t r a c t

A 1.94 lm Tm-doped fiber laser pumped tunable single-longitudinal-mode Ho:YLF laser with double
etalons was reported for the first time. The maximum single-longitudinal-mode output power of
345 mW at 2051.6 nmwas achieved at the absorbed pump power of 11.9 W, corresponding to a slope effi-
ciency of 5.5% and an optical conversion efficiency of 2.9%. By regulating the angle of the F–P etalons, the
output wavelength of the laser can be tuned from 2051.6 nm to 2063.3 nm. The single-longitude-mode
Ho:YLF laser operating at 2 lm can be used as the seed laser source of coherent Doppler lidar, differential
absorption lidar and so on.

� 2016 Elsevier B.V. All rights reserved.
1. Introduction

Single-longitudinal-mode solid state lasers around 2 lm have
the advantages of eye-safe and good transparency in the
atmosphere [1,2]. Therefore, 2 lm single-longitudinal-mode lasers
can be as seed sources of Lidars, such as coherent lidar systems for
wind measurements, differential absorption lidar for concentration
measurement of H2O and CO2 in the atmosphere [3,4]. Moreover,
2 lm single-longitudinal-mode lasers also widely used in remote
sensing, range finding and optical communication [5,6]. Various
methods to obtain the single-longitudinal-mode lasers, such as
microchip laser [7], twisted-mode cavity [8], coupled cavity [9],
and intra-cavity Fabry–Perot (F–P) etalons. Intra-cavity F–P etalons
is the most simplest way to achieve tunable single-longitudinal-
mode operation. In 1990, Henderson et al. demonstrated
single-longitudinal-mode Tm, Ho:YAG laser with etalons and the
maximum output of 58 mW was achieved [10]. In 2010, Zhang
et al. reported a continuously tunable frequency Tm,Ho:YLF laser
with F–P etalons. Single frequency output power was 118 mW
[11]. In 2011, Yao et al. reported a single-frequency Tm,Ho:YAP
laser and up to 72.6 mW at 2102.5 nm with F–P etalons was
obtained [12]. In 2015, we adopted double Fabry–Perot structure
to realize the single-longitudinal-mode Tm,Ho:YVO4 laser. Up to
95 mW was obtained at 2051.3 nm [13].

Initial work on single-longitudinal-mode lasers at 2 lm mainly
concentrated on Tm,Ho co-doped crystals. However, co-doped
crystals have reduced upper-state lifetimes and severe
upconversion losses reduced energy storage efficiencies and
increased thermal heat loads [14]. With the emergence of fiber
lasers, holmium-doped lasers pumped by Tm-doped fiber lasers
become an appealing research area. Compared with Ho:YAG crys-
tal, Ho:YLF crystal has a longer upper laser level lifetime (around
14 ms) and higher emission cross section, good thermal and
mechanical properties [15,16] and the output laser is polarized
without any polarizer inserted into the cavity.

In this paper, we reported a Tm-doped fiber laser pumped
single-longitudinal-mode Ho:YLF laser with two solid etalons. Up
to 345 mW single-longitudinal-mode output power at 2051.6 nm
was obtained under the absorbed pump power of 11.9 W, corre-
sponding to a slope efficiency of 5.5% and an optical conversion
efficiency of 2.9%. By changing the angles of the etalons, the
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Fig. 1. Experimental setup of single-longitudinal-mode Ho:YLF laser.

Fig. 3. Output wavelength of the free-running Ho:YLF laser.

Fig. 4. Output power of the free-running Ho:YLF laser versus absorbed pump
power.
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wavelength can be tuned from 2051.6 nm to 2063.3 nm. As we
know, single-longitudinal-mode Ho:YLF laser with intra-cavity
F–P etalons is being reported for the first time.

2. Experimental setup

As shown in Fig. 1, a plane-concave cavity with simple structure
is employed in the experiment with total cavity length of about
100 mm. The pump source is a Tm-doped fiber laser at 1940 nm,
with a maximum CW output power of 25 W. The pump beam is
first collimated and then focused onto the crystal by a plano-
convex. The pump spot diameter in the crystal was around
200 lm. The Ho:YLF crystal had dopant concentrations of 0.5 at.%
with dimensions of 4 � 4 � 20 mm3. Both ends of the Ho:YLF crys-
tal were coated with high transmission at 1940 nm (T > 99.5%) and
2050 nm (T > 99.2%). The crystal wrapped in indium foil and placed
in a copper heat sink. The temperature of the crystal was controlled
at 14 �C by a TEC cooler. Both M1 and M2 are plane mirrors coated
with high transmission at 1940 nm and high-reflection at 2 lm.
Pump radiation was removed by M2. M3 is an output coupler with
a radius of curvature of 150 mm and a 30% transmission. Two F–P
etalons (1 mm and 6 mm) with 20% reflectivity were inserted into
the cavity for single-longitudinal-mode operation.

3. Experimental results and discussion

Output mode of the free-running (without F–P etalons) Ho:YLF
laser measured by a Fabry–Perot interferometer with an 1.5 GHz
free spectral range is first given. Typically multi-mode operation
can be seen from Fig. 2. The blue line ’voltage’ is the PZT’s driving
voltage of Fabry–Perot interferometer. The longitudinal modes
over the 1.5 GHz free spectral range was given by Fabry–Perot
interferometer. Shown as Fig. 2, many modes can be seen over
the 1.5 GHz free spectral range and the laser operated at multi-
mode. The output spectra of the free running Ho:YLF laser was
measured by wavemeter (Bristol, 0.7 pm resolution). Fig. 3 shows
the laser operating at multi-mode. The laser mode spacing of the
Fig. 2. Output mode of the fr
free running laser was around 1.88 GHz. As shown in Fig. 3, the
laser was simultaneously emitting at multiple lasing emission.
The output power of the Ho:YLF laser with multimode was inves-
tigated. Fig. 4 shows the output power of the Ho:YLF laser as a
function of the absorbed pump power. A maximum output power
of 3.42 W was obtained at the absorbed pump power of 16.9 W,
corresponding to an optical conversion efficiency of 20.2% and a
slope efficiency of 24%.

1 mm in thickness and 6 mm in thickness etalons were inserted
in the cavity to realize the Ho:YLF laser operating at single-
longitudinal-mode. Shown as Fig. 5, the free spectra range voltage
was around 12 V and only two peaks appeared over the 1.5 GHz
free spectral range. The Ho:YLF laser operated on single-
longitudinal-mode.

Fig. 6 shows the output wavelength of the single-longitude-
mode Ho:YLF laser measured by wavemeter (Bristol, 0.7 pm
resolution). The central wavelength was 2051.6 nm and only one
ee-running Ho:YLF laser.



Fig. 5. F–P spectra of the single-longitude-mode Ho:YLF laser.

Fig. 6. Output spectrum of the single-longitude-mode Ho:YLF laser.

Fig. 7. Output power of the single-longitude-mode Ho:YLF laser.

Table 1
Output power with wavelength.

Output wavelength (nm) Output power (mW)

2051.6 345
2062.7 270
2063.3 194
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mode existed in the laser cavity. The laser operated at
p-polarisation which was measured by Glan prism. In addition,
output power versus the absorbed pump power is shown in
Fig. 7. The maximum single-longitude-mode output power of
345 mWwas obtained at the absorbed pump power of 11.9 W, cor-
responding to a slope efficiency of 5.5% and an optical-to-optical
efficiency of 2.9%. The low efficiency is due to the large loss caused
by two F–P etalons with 20% reflectivity.

As we know, two efficient transitions exist in the energy levels
of Ho:YLF, and the two main emission peaks locate at 2050 nm and
2064 nm, respectively. Therefore, near 2064 nm laser can also be
obtained by tuning the angles of the etalons. As can be seen in
Table 1, 2062.7 nm and 2063.3 nm were achieved and the maxi-
mum single-longitude-mode output power were respectively
270 mW and 194 mW. The maximum single-longitudinal-mode
output power variation of different wavelength can be attributed
to the different loss caused by F–P etalons and gain of modes
oscillating in laser cavity.
4. Conclusion

In summary, a 1.94 lm Tm-doped fiber laser end-pumped
single-longitudinal-mode Ho:YLF laser at 2051 nm was
demonstrated with intracavity etalons. The maximum single-
longitudinal-mode output power of 345 mW was obtained under
the absorbed pump power of 11.9 W, corresponding to a slope
efficiency of 5.5% and an optical conversion efficiency of 2.9%.
The wavelength can be tuned from 2051.6 nm to 2063.3 nm by
regulating the angle of etalons. The single-longitudinal-mode Ho:
YLF laser has potential applications on eye-safe coherent lidar, dif-
ferential absorption lidar and optical remote sensing.
Acknowledgements

This work was supported by National Natural Science
Foundation of China (No. 61308009, No. 61405047), China
Postdoctoral Science Foundation funded project (No.
2013M540288, No. 2015M570290), Fundamental Research funds
for the Central Universities Grant (No. HIT.NSRIF.2014044, No.
HIT. NSRIF.2015042), Science Fund for Outstanding Youths of
Heilongjiang Province (JQ201310), Heilongjiang Postdoctoral
Science Foundation Funded Project (LBH-Z14085).
References

[1] L. Wang, C.Q. Gao, M.W. Gao, Y. Li, F.Y. Yue, L. Liu, Single-frequency and dual-
wavelength Ho:YAG nonplanar ring oscillator resonantly pumped by a Tm:YLF
laser, Opt. Eng. 53 (2014) 061603.

[2] C.T. Wu, Y.L. Ju, Q. Wang, Z.G. Wang, B.Q. Yao, Y.Z. Wang, Injection-seeded Tm:
YAG laser at room temperature, Opt. Commun. 284 (2011) 994–998.

[3] C. Nagasawa, T. Suzuki, H. Nakajima, H. Hara, K. Mizutani, Characteristics of
single longitudinal mode oscillation of the 2 lm Tm, Ho: YLF microchip laser,
Opt. Commun. 200 (2001) 315–319.

[4] L. Wang, C.Q. Gao, M.W. Gao, Y. Li, Resonantly pumped monolithic nonplanar
Ho:YAG ring laser with high-power single frequency laser output at 2122 nm,
Chin. Phys. Lett. 31 (2014) 074204.

[5] C.H. Zhang, B.Q. Yao, G. Li, Q. Wang, Y.L. Ju, Y.Z. Wang, 2041.3 nm/2054.6 nm
Simultaneous dual-wavelength single-longitudinal-mode Tm, Ho:YVO4

microchip laser, Laser Phys. 20 (2010) 1564–1567.
[6] J. Li, S.H. Yang, C.M. Zhao, H.Y. Zhang, Y.Z. Wang, Coupled-cavity concept

applied to a highly compact single-frequency laser operating in the 2 lm
spectral region, Appl. Opt. 50 (2011) 1329–1332.

[7] R.L. Zhou, Y.L. Ju, C.T. Wu, Z.G. Wang, Y.Z. Wang, A single-longitudinal-mode
CW 0.25 mm Tm,Ho:GdVO4 microchip laser, Laser Phys. 20 (2010) 1320–1323.

[8] C. Gao, R. Wang, Z. Lin, M. Gao, L. Zhu, Y. Zheng, Y. Zhang, 2 lm single-
frequency Tm:YAG laser generated from a diode-pumped L-shaped twisted
mode cavity, Appl. Phys. B 107 (2012) 67–70.

http://refhub.elsevier.com/S1350-4495(16)30195-5/h0005
http://refhub.elsevier.com/S1350-4495(16)30195-5/h0005
http://refhub.elsevier.com/S1350-4495(16)30195-5/h0005
http://refhub.elsevier.com/S1350-4495(16)30195-5/h0010
http://refhub.elsevier.com/S1350-4495(16)30195-5/h0010
http://refhub.elsevier.com/S1350-4495(16)30195-5/h0015
http://refhub.elsevier.com/S1350-4495(16)30195-5/h0015
http://refhub.elsevier.com/S1350-4495(16)30195-5/h0015
http://refhub.elsevier.com/S1350-4495(16)30195-5/h0015
http://refhub.elsevier.com/S1350-4495(16)30195-5/h0020
http://refhub.elsevier.com/S1350-4495(16)30195-5/h0020
http://refhub.elsevier.com/S1350-4495(16)30195-5/h0020
http://refhub.elsevier.com/S1350-4495(16)30195-5/h0020
http://refhub.elsevier.com/S1350-4495(16)30195-5/h0025
http://refhub.elsevier.com/S1350-4495(16)30195-5/h0025
http://refhub.elsevier.com/S1350-4495(16)30195-5/h0025
http://refhub.elsevier.com/S1350-4495(16)30195-5/h0025
http://refhub.elsevier.com/S1350-4495(16)30195-5/h0025
http://refhub.elsevier.com/S1350-4495(16)30195-5/h0030
http://refhub.elsevier.com/S1350-4495(16)30195-5/h0030
http://refhub.elsevier.com/S1350-4495(16)30195-5/h0030
http://refhub.elsevier.com/S1350-4495(16)30195-5/h0030
http://refhub.elsevier.com/S1350-4495(16)30195-5/h0035
http://refhub.elsevier.com/S1350-4495(16)30195-5/h0035
http://refhub.elsevier.com/S1350-4495(16)30195-5/h0035
http://refhub.elsevier.com/S1350-4495(16)30195-5/h0035
http://refhub.elsevier.com/S1350-4495(16)30195-5/h0040
http://refhub.elsevier.com/S1350-4495(16)30195-5/h0040
http://refhub.elsevier.com/S1350-4495(16)30195-5/h0040
http://refhub.elsevier.com/S1350-4495(16)30195-5/h0040


152 T.Y. Dai et al. / Infrared Physics & Technology 77 (2016) 149–152
[9] J. Li, S.H. Yang, C.M. Zhao, H.Y. Zhang, W. Xie, High efficient single-frequency
output at 1991 nm from a diode-pumped Tm:YAP coupled cavity, Opt. Express
18 (2010) (1991) 12161–12167.

[10] S.W. Henderson, C.P. Hale, Tunable single-longitudinal-mode diode laser
pumped Tm: Ho: YAG laser, Appl. Opt. 29 (1990) 1716–1718.

[11] X.L. Zhang, L. Li, J.H. Cui, Y.L. Ju, Y.Z. Wang, Single longitudinal mode and
continuously tunable frequency Tm, Ho:YLF laser with two solid etalons, Laser
Phys. Lett. 7 (2010) 194–197.

[12] B.Q. Yao, F. Chen, C.H. Zhang, Q. Wang, C.T. Wu, X.M. Duan, Room temperature
single-frequency output from a diode-pumped Tm, Ho:YAP laser, Opt. Lett. 36
(2011) 1554–1556.

[13] T.Y. Dai, L. Han, B.Q. Yao, Y.L. Ju, K.K. Yu, Y.Z. Wang, Experimental study into
single-longitudinal-mode Tm, Ho:YVO4 lasers, Opt. Laser Technol. 74 (2015)
20–22.
[14] T.Y. Dai, Y.L. Ju, X.M. Duan, W. Liu, B.Q. Yao, Y.Z. Wang, Single-frequency,
injection-seeded Q-switched operation of a resonantly pumped Ho:YAlO3 laser
at 2,118 nm, Appl. Phys. B 111 (2013) 89–92.

[15] J. Kwiatkowski, W. Zendzian, J.K. Jabczynski, J. Swiderski, Continuous-wave
and high repetition rate Q-switched operation of Ho: YLF laser in-band
pumped by a linearly polarized Tm: fiber laser, Opt. Laser Technol. 63 (2014)
66–69.

[16] W. Koen, C. Bollig, H. Strauss, M. Schellhorn, C. Jacobs, M.J.D. Esser, Compact
fibre-laser-pumped Ho:YLF oscillator–amplifier system, Appl. Phys. B 99
(2010) 101–106.

http://refhub.elsevier.com/S1350-4495(16)30195-5/h0045
http://refhub.elsevier.com/S1350-4495(16)30195-5/h0045
http://refhub.elsevier.com/S1350-4495(16)30195-5/h0045
http://refhub.elsevier.com/S1350-4495(16)30195-5/h0050
http://refhub.elsevier.com/S1350-4495(16)30195-5/h0050
http://refhub.elsevier.com/S1350-4495(16)30195-5/h0055
http://refhub.elsevier.com/S1350-4495(16)30195-5/h0055
http://refhub.elsevier.com/S1350-4495(16)30195-5/h0055
http://refhub.elsevier.com/S1350-4495(16)30195-5/h0060
http://refhub.elsevier.com/S1350-4495(16)30195-5/h0060
http://refhub.elsevier.com/S1350-4495(16)30195-5/h0060
http://refhub.elsevier.com/S1350-4495(16)30195-5/h0065
http://refhub.elsevier.com/S1350-4495(16)30195-5/h0065
http://refhub.elsevier.com/S1350-4495(16)30195-5/h0065
http://refhub.elsevier.com/S1350-4495(16)30195-5/h0065
http://refhub.elsevier.com/S1350-4495(16)30195-5/h0070
http://refhub.elsevier.com/S1350-4495(16)30195-5/h0070
http://refhub.elsevier.com/S1350-4495(16)30195-5/h0070
http://refhub.elsevier.com/S1350-4495(16)30195-5/h0070
http://refhub.elsevier.com/S1350-4495(16)30195-5/h0070
http://refhub.elsevier.com/S1350-4495(16)30195-5/h0075
http://refhub.elsevier.com/S1350-4495(16)30195-5/h0075
http://refhub.elsevier.com/S1350-4495(16)30195-5/h0075
http://refhub.elsevier.com/S1350-4495(16)30195-5/h0075
http://refhub.elsevier.com/S1350-4495(16)30195-5/h0080
http://refhub.elsevier.com/S1350-4495(16)30195-5/h0080
http://refhub.elsevier.com/S1350-4495(16)30195-5/h0080

