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Hale reported a diode-pumped continuous-wave SLM Tm, 
Ho:YAG laser by inserting double etalons into the cavity, 
and the maximum output power of 58  mW was achieved 
[10]. In 2005, a 113 mW SLM Tm, Ho:YLF laser with two 
etalons was demonstrated [11]. Wu et  al. [12] reported a 
diode-pumped Tm:YAG laser with single frequency output 
power of 75 mW. In 2014, a Tm, Ho:LLF laser with double 
etalons operating at 2064.4 nm was demonstrated by Zhang 
et al. [13].

Direct laser pumping (using 1.9-μm radiation) of the 
Ho laser offers several advantages: low quantum defect, 
elimination of energy transfer (no sensitizer ions used), 
reduced up-conversion losses (linearity of gain vs absorbed 
pump intensity), high short-pulse extraction efficiency and 
reduced sensitivity of gain versus temperature [14]. Reso-
nantly pumped Ho lasers based on YAG [15, 16], YLF [17] 
and YAP [18] host material have been extensively investi-
gated for the generation of 2-μm laser. Among them, the 
Ho:YAG crystal is an attractive laser material due to a com-
bination of good thermo-mechanical properties and favora-
ble spectroscopic properties.

In this study, we reported a SLM Ho:YAG laser pumped 
by 1.9-μm laser. By using three F–P etalons, the maxi-
mum SLM output power of 309  mW at 2081.2  nm was 
obtained. By tuning the angle of the etalons, the oscillating 
wavelength could be changed from 2077 to 2081 nm. And 
at each wavelength, the SLM laser was achieved. To our 
knowledge, this is the first time for Ho:YAG laser employ-
ing F–P etalons to obtain SLM operation.

2 � Experimental setup

Figure 1 shows our experimental setup. An L-shaped plano-
concave resonator is employed to make the system simple 

Abstract  We demonstrated a 1.9-μm-pumped high-effi-
ciency single-longitudinal-mode Ho:YAG laser with intra-
cavity etalons for the first time. By inserting the F–P etalons 
into the laser cavity, single-longitudinal-mode Ho:YAG las-
ing was achieved at a wavelength of 2081.2 nm. The maxi-
mum single-longitudinal-mode output power of 309  mW 
was obtained with absorbed pump power of 4.97 W, cor-
responding to a slope efficiency of 12.77 %. The oscillat-
ing wavelength can be tuned (from 2077 to 2081 nm), and 
single-longitudinal-mode laser is achieved  at each wave-
length. The M2 factors of the single-longitudinal-mode 
Ho:YAG laser in the x and y directions were 1.18 and 1.2, 
respectively.

1  Introduction

The interest in single-longitudinal-mode (SLM) laser oper-
ating in the eye-safe spectral region near 2 μm is acknowl-
edged for various applications such as Doppler radar wind 
sensing, differential absorption lidar, high-resolution spec-
troscopy and so on [1–3]. It is important for the seed laser 
of lidar with low thermal load, wavelength tunable, fre-
quency stability and compact size [4]. Several techniques 
have been used to obtain SLM lasers, such as microchip 
laser, twisted-mode cavity, unidirectional ring cavity, cou-
pled cavity and intra-cavity Fabry–Perot (F–P) etalons 
[5–9]. The intra-cavity etalon method is a common way to 
obtain SLM laser for its simple structure. Henderson and 
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and compact with a physical cavity length of 103 mm. The 
resonator consisted of two plane mirrors and one curved 
mirror. M1 was a flat mirror coated for high transmission 
at the pump wavelength and high reflectivity at the laser 
wavelength. The M2 was a 45º flat dichroic mirror with a 
high transmission at the pump wavelength and high reflec-
tivity at the laser wavelength. M3, which was the output 
coupler of the laser, was coated with 90 % reflectivity at the 
laser wavelength with a 200 mm radius of curvature. Three 
F–P etalons (0.1  mm, 1  mm thickness for YAG without 
coating and 6 mm thickness for quartz coating with 10 % 
reflectivity at 2 μm) were inserted in the cavity to select 
the wavelength of the Ho:YAG laser. A 0.8 at % Ho3+ dop-
ing concentration Ho:YAG crystal with a dimension of Φ4 
× 25  mm was employed as the gain medium. Both end 
faces of the Ho:YAG crystal are anti-reflection (AR) coated 
at the pump and laser wavelengths. The Ho:YAG crystal 
was wrapped in indium foil and mounted in a cooper heat 
sink which held at a temperature of 15  °C by a thermoe-
lectric cooler (TEC). The Ho:YAG crystal is pumped by a 
1908 nm Tm:YLF laser with a maximum power of 20 W. 
By using a focused lens with the focal length of 150 mm, 
the pump beam was focused into the Ho:YAG crystal with 
a diameter of 268 μm. Although M1, M2 and the Ho:YAG 
crystal are coated for high transmission at the pump wave-
length, some pump light still be reflected to the Tm:YLF 
laser. This will affect the stability of Tm:YLF laser. As 
the pump source of SLM laser, the stability is important. 
In order to weaken the disturbance of the reflective light to 
Tm:YLF laser, we have added a half-wave plate, a quarter-
wave plate and a TFP (thin film polarizer) to pump system. 
The output of Tm:YLF laser is p-polarized, then changed 
to s-polarized after passing through the half-wave plate. 
The TFP is high transmission for p-polarized component 
and high reflection for s-polarized component at 1908 nm. 
Passing though the quarter-wave plate, the s-polarized 
laser changed to circularly polarized. When the reflective 
light passed through the quarter-wave plate again, the laser 
changed to p-polarized and transmitted through the TFP 
instead of reflecting to Tm:YLF laser.

3 � Experimental results and discussion

In the first experiment, we measured the output spectra 
of the Ho:YAG laser for free running (etalons were not 
inserted in the cavity). The spectral output of the free run-
ning Ho:YAG laser was recorded by a spectrum analyzer 
(WA-650, EXFO) combined with a wavemeter (WA-1500, 
EXFO). The output laser spectrum of the free running 
Ho:YAG laser is shown in Fig. 2. The output laser wave-
length centralized at 2122  nm. To investigate the longi-
tudinal mode of the free running Ho:YAG laser, we have 
measured the spectra of the laser by a scanning F–P inter-
ferometer with a free spectral range of 3.75 GHz. Figure 3 
shows a typical output signal from the scanning F–P 

Fig. 1   Schematic of the SLM Ho:YAG laser with intra-cavity etalons 
pumped by a Tm:YLF laser at 1.91 μm

Fig. 2   Spectrum of Ho:YAG laser with free running

Fig. 3   F–P scanning spectrum of Ho:YAG laser with free running. 
The red curve indicates the voltage on the F–P interferometer, and the 
blue curve shows the relative intensity of the output laser
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interferometer. When we removed the quarter-wave plate, 
some 1.9-μm reflective pump laser provided by Ho:YAG 
laser resonator was transmitting to Tm:YLF laser directly. 
At this moment, the stability of pump source was affected 
and the longitudinal mode of Ho:YAG output laser was in a 
state of chaos as seen in Fig. 3a. Then, we added the quar-
ter-wave plate in order to weak the disturbance of reflec-
tive light to pump source, and the stabilization of longitu-
dinal mode of Ho:YAG laser has much improved as seen 
in Fig. 3b. The free running Ho:YAG laser typically ran on 
multi-longitudinal modes. 

In order to achieve SLM operation of the Ho:YAG laser, 
three F–P etalons with thickness of 0.1 , 1 and 6 mm were 
inserted into the resonator. For the F–P etalons in the cav-
ity, the laser can oscillate with lower loss when the maxi-
mum transmissions of these F–P etalons are superposed. 
When regulating the angle of the F–P etalons carefully, the 
transmission peak of the F–P etalons could be adjusted con-
sistently with the Ho:YAG gain curve, and then the laser 
can obtain the SLM operation. Figure 4 shows the output 
spectrum of the Ho:YAG laser with single wavelength. The 
emission line was located at 2081.2 nm. Compared to free 
running operation, the oscillating wavelength of Ho:YAG 
laser shifts a large range from 2122 to 2081  nm. That is 
because of the different loss and gain experienced by 2122 
and 2081 nm laser, respectively. The 2081 nm laser suffered 
from more re-absorption loss, but having larger emission 

cross-section than 2122 nm. For free running, the Ho:YAG 
laser dominated by re-absorption loss, and the wavelength 
of output laser centers on 2122 nm. The intra-cavity etalons 
increased the round trip loss of laser cavity, and the laser 
mainly overcomes the round trip loss to obtain oscillating. 
So the 2081  nm laser could get enough gain to oscillate. 
Figure  5 shows the output signal from the scanning F–P 
interferometer as the laser running on SLM operation. As 

Fig. 4   Spectrum of Ho:YAG laser with SLM operation

Fig. 5   F–P scanning spectrum of Ho:YAG laser with SLM operation

Fig. 6   Output power of the Ho:YAG laser versus pump power

Fig. 7   Laser frequency tuned by F–P etalons
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can be seen in Fig. 5, no other modes were observed in the 
scanning F–P spectrum, and the laser operated on a SLM.

The output power of the Ho:YAG laser with multi-mode 
and SLM was investigated. Fig  6a shows the multi-mode 
and SLM operation laser output power as a function of the 
incident pump power. Under the incident pump power of 

6.14 W available from the Tm:YLF laser, up to 309  mW 
SLM output at 2081.2 nm was obtained, corresponding to 
a slope efficiency of 10.04  %. For multi-mode operation, 
the maximum output power and slope efficiency were 
1.44 W and 32.54 %, respectively. We have measured the 
pump power losses before the Ho:YAG crystal and the 
unabsorbed pump power. The pump power losses were 
measured to be 227  mW as the incident pump power of 
6.14 W. The unabsorbed pump power in multi-mode and 
SLM regime under the incident pump power of 6.14 W was 
573  mW and 938  mW, respectively. Figure  6b shows the 
measured output power of the Ho:YAG laser with multi-
mode and SLM versus the absorbed pump power. In the 
multi-mode, the output power of 1.44 W was achieved with 
an absorbed pump power of 5.34 W, and the fitted thresh-
old absorbed pump power was about 1.65 W, correspond-
ing to a slope efficiency of 37.25  %. For the maximum 
SLM output power of 309 mW, the absorbed pump power 
was 4.97 W, and the fitted threshold absorbed pump power 
was about 2.68 W, corresponding to a slope efficiency of 
12.77 %. The lower efficiency and higher threshold of the 
single-longitudinal-mode Ho:YAG laser can possibly be 
attributed to the large loss leading by the F–P etalons.

As shown in Fig. 7, the wavelength of the SLM Ho:YAG 
laser could be tuned a range from 2077.2 to 2081.2  nm 
by regulating the angle of the F–P etalons. As can be seen 
from Fig. 8, Ho:YAG crystal has four main emission peaks 
at 2.08, 2.09 and 2.12 μm [19]. The emission cross-section 
of 2.09 μm is much higher than that of 2.08 μm. In experi-
ment, we failed to achieve SLM laser at 2.09 μm, possibly 
due to the larger emission cross-section leading to a higher 

Fig. 8   Emission cross-section of Ho:YAG at 2000–2200 nm [19]

Table 1   Output power with wavelength

Output wavelength, nm Output power of SLM, mW

2077.2 283

2079.3 301

2080.7 297

2081.2 309

Fig. 9   Output wavelength 
versus the observing time

Fig. 10   Output power versus 
the observing time
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gain in cavity. The loss introduced by the F–P etalons was 
insufficient to make the Ho:YAG laser running on SLM 
operation. Table  1 shows the output power with different 
wavelength under same pump power. The output power 
variation of different wavelength is according to the differ-
ent loss and gain of modes oscillating in laser cavity.

The wavelength stability of the Ho:YAG laser is shown 
in Fig. 9. The average wavelength of SLM Ho:YAG laser is 
2081.2 nm. The standard deviation of the wavelength meas-
ured is 4 pm. Fig 10 shows the power stability of the SLM 
of Ho:YAG laser at highest power level which measured 
by a Coherent Power Meter 0310B12R with a resolution 
limited to 0.1 mW. The average output power is 309 Mw, 
and the standard deviation of the output power measured is 
±1.7 mW.

The propagation characteristics of the SLM Ho:YAG 
laser beam at the maximum output power level were inves-
tigated. As shown in Fig.  11, the beam profile was taken 
by Spiricon Pyrocam I pyroelectric camera. In addition, we 
measured the output beam quality of SLM Ho:YAG laser 
by measuring the beam radius with a knife-edge technique 
at several positions through a waist formed by a lens. The 
data were fitted by least squares analysis to standard mix-
mode Gaussian beam propagation equations to determine 
the beam quality or M2 parameter. The M2 factors in the x 
and y directions were 1.18 and 1.2, respectively.

4 � Conclusions

In summary, we presented a SLM Ho:YAG laser at a 
wavelength of 2081.2 nm with the F–P etalons. The maxi-
mum SLM output power of 309 mW was obtained under 

absorbed pump power of 4.97 W, corresponding to a slope 
efficiency of 12.77  %. The beam quality factor of M2 at 
the maximum SLM output power was measured to be 1.18 
and 1.2 for x and y directions, respectively. The CW SLM 
Ho:YAG laser operating in the 2-μm spectral region could 
be used as the seed laser source of coherent Doppler lidar.
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