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We report on broadly wavelength-tunable passive mode-locking with high power operating at the 2 μm water
absorption band in a Tm:CYA crystal laser. With a simple quartz plate, stable mode-locking wavelengths can
be tuned from 1874 to 1973 nm, with a tunable wavelength range up to ∼100 nm and maximum output power
up to 1.35 W. The bandwidth is narrow as∼6 GHz, corresponding to a high coherence. To our knowledge, this is
the first demonstration of wavelength-tunable mode-locking with watt-level in the 2 μm water absorption band.
The high temporal coherent laser can be further applied in spectroscopy, the efficient excitation of
molecules, sensing, and quantum optics. © 2017 Chinese Laser Press

OCIS codes: (140.4050) Mode-locked lasers; (140.7090) Ultrafast lasers; (140.3580) Lasers, solid-state; (140.3070) Infrared and

far-infrared lasers.
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1. INTRODUCTION

Mode-locked Tm3�, Ho3�-doped lasers that emit with a
wavelength around 2 μm are attracting increasing attention.
The unique advantages such as high quantum efficiency, large
emission bandwidth, “eye safe laser,” and high temporal coher-
ence make them promising candidates for applications in
numerous cutting-edge research [1], next-generation optical
communications [2], gas monitoring [3], and favorable pump
sources of high-efficiency mid-infrared generation [4]. Based on
the well-known atmospheric transparency windows around
2 μm (1.95–2.6 μm), ultrafast solid-state lasers with conven-
tional Tm/Ho-doped crystals or ceramics, such as Tm:KYW
crystal [5], Tm:Lu2O3 ceramic [6], Tm:LuAG crystal [7],
Tm;Ho:KY�WO4�2 crystal [8], Ho:YAG ceramic [9], and
Tm:LuAG ceramic [10] have been widely investigated. These
laser oscillators deliver stable pulse trains with picosecond or
subpicosecond durations, and the highest output average power
is up to 1.21 W [7].

Particularly, water molecules demonstrate strong absorption
from 1.8 to 1.95 μm, which matches well with the emission

peaks of thulium ion near 2 μm [11,12]. This allow lasers op-
erating at this region to demonstrate attractive potential in laser
surgery [13], polymers processing [14], 3D laser printing [15],
and attosecond pulses generation at the water window [16].
However, the strong absorption of water vapor [strongly ab-
sorbs more at ∼1.94 μm (∼114 cm−1) than at ∼1.5 μm
(∼10 cm−1) and ∼1 μm (∼1 cm−1) [12]] as well as the intrinsic
multipeak and narrow emission spectrum of conventional gain
medium make it difficult to obtain stable mode locking (ML)
in the water absorption band [5,17]. Only a few works have
reported mode-locked pulses with limited output power in this
wavelength range [18,19]. Recently, the novel Tm:CaYAlO4

(Tm:CYA) crystal with structure disorder and multisites has
attracted increasing attention due to the large gain emission
cross-section, high thermal conductivity, and the favorable
broad emission band. This can support a broad wavelength-
tuning range and a short pulse duration [20]. With this crystal,
Kong et al. reported the first synchronous fundamental ML
at 1960 nm [21]. Recently, Lan et al. reported a passively
Q-switched Tm:CYA laser at 1929 nm, with output power
of 490 mW and pulse duration 0.48 μs [22].
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We have previously reported a first harmonic ML with
Tm:CYA crystal [23]. In this paper, we report on a stable pas-
sive ML with broadly wavelength-tunable and high output
power at 2 μm water absorption region for the first time, to
the best of our knowledge. With a simple quartz plate, the
mode-locked laser wavelengths can be tuned from 1874 to
1973 nm (∼100 nm), with bandwidth as narrow as ∼6 GHz,
pulse repetition rate of 194 MHz, and maximum output aver-
age power up to 1.35 W. To the best of our knowledge, this is
the highest output average power in 2 μm passive mode-locked
bulk lasers and also the largest tunable bandwidth below 2 μm
in Tm/Ho solid lasers.

2. EXPERIMENTAL SETUP

The laser is schematically shown in Fig. 1(a), which is similar in
Ref. [23]. The Z-type laser cavity was constructed by four mir-
rors. The pumpwas a fiber-coupled laser diodewith 105μmcore
diameter and 0.22 numerical aperture (NA), at 790 nm. The
pump beam was collimated and focused into the gain crystal
with a diameter of ∼100 μm. The a-cut Tm:CYA crystal with
antireflectively coated from 1900 to 2100 nm was employed
with a dimension of 3 mm × 3 mm × 6.1 mm, and a Tm3�

doping of 4 at.%. The laser beam diameter inside the gain crystal
was 200 μm in sagittal and tangential planes, respectively. The
SESAMs (BATOP GmBH) is designed to operate at 1800–
2100 nm with a modulation depth of 1.2%, a relaxation time
of 10 ps, and a saturation fluence of 70 μJ∕cm2. The cavity
mode diameter on the SESAMs was about 120 μm. The optical
length is ∼77 cm long, corresponding to the fundamental rep-
etition rate of ∼194 MHz. For optional wavelength tuning, a
1.74 mm thick quartz-crystal plate was inserted close to the
SESAMs, acting as a spectrum filtering. The filter has a trans-
mission of >99.6% from 1900 to 2100 nm. The optical axis of
quartz filter is parallel to the plate surface.

An InAs photodetector with bandwidth of 12.5 GHz was
employed to record pulse waveforms. An optical spectrum ana-
lyzer with a high resolution of 0.05 nm was used to monitor the
spectrum. The radio frequency (RF) spectrum was measured by
a 3 GHz spectrum analyzer. The pulse width was recorded by a
commercial autocorrelator (Pulsecheck, APE).

3. EXPERIMENTAL RESULTS AND DISCUSSION

Figure 2 shows themeasured emission spectrum (at resolution of
0.05 nm) of the Tm:CYA crystal and the corresponding water
absorption lines at room temperature of 25°C and relative air
humidity of ∼40% RH. The crystal has a spectrum bandwidth
(FWHM) of nearly ∼165 nm and shows many narrow multi-
peaks in the range from 1800 to 1950 nm, which matches well
with the water vapor absorption lines calculated from the
HITRAN database [24]. The irregular dips on the spectra
(<1950 nm) are due to the absorption lines of the O-H bounds
in atmosphere. The single-pass pump absorption ratio of
790 nm is measured to be 78%. At the continuous wave (CW)
operation, the maximum output average power is up to 2 W at
the incident pump power of 12Wwith a slop efficiency of 17%
and central wavelength of around 1950 nm. Because the longest
wavelength of a pure electronic transition of Tm3� ions in the
CYA crystal is around 1.8 μm (see Fig. 2), the emission at longer
wavelengths is owing to the vibronic nature of the laser transi-
tion, typical of Tm lasers [25]. With the SESAMs as the mode-
locker, stable ML was obtained at the incident pump power of
4 W. At the pump power of 12 W, stable ML can still maintain
with output average power up to 1.35W and central wavelength
of 1950 nm. But the mode-locked pulses split into two identical
pulses with the same pulse-to-pulse duration, which is the
so-called harmonicML (HML)with pulse repetition rate exactly
doubling of fundamental-order ML in Ref. [23].

Figure 3 shows the total and each port output power with
wavelength tunable performance from mode-locked Tm:CYA
lasers. After inserting the quartz plate and tuning the tilted
angle α, stable ML can still be achieved. The corresponding
central wavelength shifted with the tilted angle due to the
birefringent filter of the quartz plate. With the 10% output
coupler, the mode-locked wavelength can be achieved from
1874 to 1950 nm, with the output average power up to 1.15W
(at the maximum pump power of 12 W) at 1950 nm. When
tuning the tilted angle, stable ML can maintain without adjust-
ing the pump power or the cavity mirrors, indicating wave-
length insensitive of the mode-locked pulses. This proves
the high stability of the mode-locked laser, which is mainly
due to the broad and relatively flat emission spectrum.

Fig. 1. Schematic of the Tm:CYA laser. L1 and L2 are the pump
collimating and focusing lens (f � 100 mm), M1 and M2 are the
highly reflective concave mirrors with the radius of curvature
(ROC) of 100 mm, and the M2 is also the output coupler (OC) with
output ratio of 10%, M3 is the highly reflective concave mirror, with
the ROC of 200 mm, DM is the dichroic mirror (HR 2000 nm/AR
790 nm). L3 is a quartz-crystal-plate filter. α is the tilted angle, which
equals the incidence angle of the ray between the plate surface and laser
propagation direction. The effective output is the total of the three
output ports (Output1, Output2, and Output3).
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Fig. 2. Measured emission spectrums of Tm:CYA crystal and the
calculated corresponding water absorption lines [24].
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Although the emission peak with maximum intensity located at
∼1770 nm, the output average power demonstrated a decreased
tendency, which is due to the strong absorption of water vapor in
this wavelength region [5]. With the lower output ratio of 2%
and 0.4%, longer output wavelengths were obtained with the
longest wavelength up to 1973 nm. This is the typical of
quasi-three-level lasers such as Tm lasers and can be explained
by taking into account the Boltzmann distribution of active ions
in the upper and lower laser manifolds [26]. The power drop
above 1950 nm is due to the low conversion efficiency caused
by the low output ratio of ∼2% and ∼0.4%.

The mode-locked optical spectrums at different wavelengths
are shown in Fig. 4. The spectrums have similar narrow band-
width of ∼0.1 nm and single master peak in the scale range of
100 nm. In the stable ML operation, a spectrum with double
or multiple peak has not been observed, indicating the well op-
tical filtering effect. Figure 4(b) shows the typical unstable
Q-switching and stable ML operation at 1890 nm. The irregu-
lar ripples located on the peak in Q-switched ML (QSML) are

caused by the longitudinal mode competition effect with the
partially unlocked phase, which could degrade the stability
of ML [27]. The narrowest bandwidth is 0.08 nm [Fig. 4(d)],
corresponding to ∼6.1 GHz. The obtained ML demonstrated
smooth and single-peak spectra performances, without modu-
lation ripples caused by the unstable Q-switching located on
the spectrum peak. The smooth and single peak spectrum
indicates the high stability of obtained ML without the inter-
ruption of Q-switching and the interruption flow of water
vapor absorption in cavity. The spectrum also shows a
Gauss shape.

Figure 5 demonstrates the temporal characteristics of
mode-locked pulses at typical 1890 nm. The pulses amplitude
stability is measured by the high-speed oscilloscope, with the
amplitude intensity root mean square (RMS) noise of <0.3%
[see Fig. 5(a)] and single pulse in a cavity [see Fig. 5(b)]. This
confirms a high stability of pulse energy fluctuation. The rep-
etition rate stability of the mode-locked laser, including the
quartz plate filter, was characterized by the measurement of
the RF spectrum, and the results are shown in Fig. 5(c), with
negligible modulation components below −60 dB. At the res-
olution bandwidth (RBW) of 100 Hz, the typical RFs of mode-
locked pulses at 1890 nm have a measured signal-to-noise
(SNR) of 55 dB in Fig. 5(d). The corresponding frequency
width of the noise component (FWNC) was measured to be
0.34 kHz. Following Ref. [28], the pulse-to-pulse energy fluc-
tuations were estimated to be 1.9 × 10−3. The relative timing
jitter was estimated to be 4.5 × 10−4. Considering the cavity
period of ∼5.1 ns, the frequency jitter is ∼2.36 ps, which is
low compared with the corresponding pulse duration. This
indicates that the mode-locked laser in the water absorption
region has high stability in temporal. The large emission band-
width of the novel disorder Tm:CYA crystal and large pump
intensity afforded the large gain, which balanced the loss caused
by the water absorption, resulting in a stable wavelength-
tunable ML in the water absorption region. Also the filtering
effect of the quartz plate stabilized the wavelength and limited
the generation of other wavelengths, which helps to stabilize
ML operation.

For the temporal coherence, the autocorrelation traces of
mode-locked pulses at 1890 and 1950 nm were measured, with
results shown in Fig. 6. The relatively low SNR was due to the
low response of the APE detector. Assuming the Gaussian-
shaped hypothesis, the pulse duration was estimated to be
∼46 ps and ∼49 ps, respectively. The corresponding time-
bandwidth product (TBP) was calculated to be 0.54 and 0.5,
respectively. A slighter larger than the transformed value of
0.441. This indicates that the obtained pulses are slightly
chirped, which is mainly caused by the uncompensated group
velocity dispersion.

We also find that the mode-locked central wavelengths
showed a blueshift tendency by increasing the tilted filter angle,
which is shown in Fig. 7. At the 0° of tilted filter angle, the
central wavelength stays the same at 1950 nm with the fil-
ter-free operation. The shortest wavelength of 1874 nm was
achieved at the ∼65°, while still keeping stable ML operation.
Due to the relatively large aperture of Ø1″ and short cavity,
available larger tunable tilted angle (>65°) was limited.
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Fig. 3. Output power of tunable mode-locked Tm:CYA lasers with
the quartz plate filter in the cavity at different OC mirrors of 10%,
2%, and 0.4%.

Fig. 4. Typical wavelength-tunable mode-locked optical spectrums
at (a) 1874, (b) 1890, (c) 1949, and (d) 1973 nm.
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According to the wavelength-shift tendency noted above, ML
with shorter wavelength (<1874 nm) could be further ob-
tained by the well-controlled tilted angle of the quartz plate.

The wavelength shifting demonstrated an approximately linear
tendency with the tilted angle; this will enable easy control of
wavelength selection by precisely rotating the quartz plate with
a step motor.

For the wavelength-tunable mechanism, although the quartz
plate (1.74mm thick) played two roles in thewavelength tuning,
the Birefringent filtering effect contributed more. For the
Fabry–Perot (FP) resonant filtering effect, the free spectral range
(FSR) is estimated to be 0.7 nm. This is much narrower than the
obtained wavelength-tunable range of 76 nm, which can be ne-
glected in the wavelength-tuning operation. However, for the

Fig. 5. Typical mode-locked pulses at 1890 nm. (a) Intensity trace
of a real-time measurement showing 39 pulses with RMS noise below
0.3%; (b) measured single pulse; (c) RF spectrum with large span of
3 GHz; (d) RF spectrum with short span of 30 kHz.

Fig. 6. Autocorrelation traces of ML at (a) typical 1890 and
(b) 1950 nm.
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Fig. 7. Wavelength shift of ML with the tilted angle of the quartz
plate at the typical 10% output ratio.
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birefringent filtering effect, with the birefringence Δn � 0.008
of quartz crystal at 1.95μm, the FSR is estimated to be∼268 nm
[29]. This is much broader than the FSR of the FP resonant
filtering, which can well support the obtained large wavelength-
tunable range. Similar wavelength-tunable CW lasers were also
obtained with the quartz plate [8,26].

The high output power and wide wavelength tunability are
mainly attributed to the broad emission spectrum profile
(>165 nm) of the novel disorder structure of Tm:CYA crystal.
The high thermal conductivity and large emission cross-section
of this crystal enable high-strength pumping and contributed to
the high output. The long pulse duration of tens of picoseconds
is caused by spectrum filtering of the multiple narrow peaks by
the strong water molecule absorption, which can be clearly seen
in Fig. 2; this is similar to the HML in our previous results [23].
Further exploration of the narrow bandwidth and long pulse
duration is still needed.

4. CONCLUSION

In conclusion, we have demonstrated a watt-level wavelength-
tunable mode-locked solid laser in 2 μm water absorption band
for the first time, to our knowledge. Employing a simple quartz
plate as an optical filter, the mode-locked wavelength can be
tuned from 1874 to 1973 nm, resulting in a band-tunable-
range of ∼100 nm and narrow spectrum bandwidth of 6 GHz.
At 1950 nm, the stable ML has an average output power up to
1.35 W and pulse duration of 49 ps, which is the highest
output power in 2 μm passive mode-locked bulk oscillators.
Due to the strong water absorption (main constituent of
human tissue) around 1.9 μm, the obtained wavelength-
tunable laser can be widely applied in diagnostic medical laser
surgery, novel polymer processing, and gas sensing.
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