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Cr2+:ZnS Saturable Absorber Passively Q-Switched Ho:LuVO4 Laser *
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We report a cw Tm:YAP laser resonantly pumped Ho:LuVO4 laser in passively Q-switched (PQS) mode with
Cr2+:ZnS as a saturable absorber (SA). The influence of different transmittances of the output coupler on laser
output performance is analyzed. With 𝑇 = 50%, the maximum PQS average output power of 2.3W is ob-
tained, corresponding to the slope efficiency and the optical–optical conversion efficiency are 35.1% and 19.8%,
respectively. Also, the minimum pulse width of 100 ns is achieved at the maximum pulse repetition frequency
of 34.2 kHz. When the maximum cw output power is 2.7W, the beam quality factor of the horizontal direc-
tion 𝑀2

𝑥 = 1.04 and the vertical direction 𝑀2
𝑦 = 1.10 are obtained. In addition, the central wavelength of the

laser output remains to be 2057.5 nm with the output coupler transmittances of 50% and 60% in both cw and
PQS operations. The results show that the Cr2+:ZnS can be used as an SA in a Ho:LuVO4 laser around 2-𝜇m
wavelength.

PACS: 42.60.Gd, 42.70.Nq, 42.55.Rz DOI: 10.1088/0256-307X/32/10/104208

The mid-infrared spectral region of 2µm band is
in the transparent window of the atmosphere and
safety for eyes, which makes 2µm solid-state lasers
show very broad applications in the fields of medical
science,[1] environmental monitoring[2] and materials
processing.[3] More importantly, 2µm pulse lasers can
be used as pump sources of all-solid mid-infrared and
far-infrared band optical parametric oscillator (OPO)
and optical parametric amplifier (OPA) to produce
broadband tunable laser output in 3–5µm and 8–
12µm.[4,5]

The passively Q-switched (PQS) laser uses the
nonlinear absorption properties of a saturable ab-
sorber (SA) to control the laser absorption loss that
can realize the laser pulse output. The PQS laser has
characteristics such as simple structure, low cost and
small size, which makes it receive wide attention.[6,7]
SAs for the 2µm laser mainly include single-walled
carbon nanotubes (SWCNTs),[8] graphene[9] and Cr2+
doped chalcogenide compounds (including ZnS and
ZnSe),[10,11] etc., due to the large accumulation num-
ber of SWCNTs, as well as high intracavity loss, which
would influence the operating efficiency and stabil-
ity of the laser. Because the damage threshold of
graphene is very low, it cannot obtain a pulse out-
put energy over mJ level. The Cr2+ doped chalco-
genide compound (including ZnS, ZnSe, etc.) crystal
has the advantage of large absorption cross section,

high absorption threshold, high hardness and simple
level structure, makes it an excellent PQS crystal in
the 2µm laser. Compared with Cr2+:ZnSe, Cr2+:ZnS
crystal has a maximum thermal conductivity, mini-
mal thermal optical coefficient, the highest hardness
and maximum thermal shock parameters. Therefore,
when the PQS laser operates with a Cr2+:ZnS crystal,
the internal temperature gradient is small, the ther-
mal lens effect is weak, and the ability to resist rupture
is strong. This makes the output performance of the
laser more stable.[12]

The tetragonal uniaxial lutetium vanadate LuVO4

crystal belongs to a space group of 𝐷4h. Such crystals
have high thermal conductivity, high stable chemical
property and the mature growth technology, which
is easier to be obtained with high quality.[13] At
present, mainly LuVO4 laser medium for generating
the 2µm laser output is Tm:LuVO4 and Ho:LuVO4

crystals. In 2011, Yu et al. obtained a 1929 nm
1.3 W Tm:LuVO4 cw laser with the slope efficiency
of 24.2%.[14] In 2014, Trapani et al. used a titanium
sapphire laser as the pump source, the cw laser out-
put of Tm:LuVO4 1 W wide band tunable at room
temperature was realized.[15] In the same year, our
group used a Tm:YAP solid-state laser as the pump
source, a 2074.18 nm Ho:LuVO4 cw laser output at
room temperature was achieved with the maximum
output power 2.5 W.[16] In 2015, our group reported
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the performance of the Ho:LuVO4 active Q-switched
laser. At 40 kHz repetition frequency, we obtained the
maximum average output power of 4.1W in the cen-
tral wavelength of 2058.43 nm.[17] However as far as
we know, PQS lasers currently used to produce the
2µm laser output LuVO4 laser medium has not yet
been reported. In this work, we first report the pecu-
liarity of the PQS Ho:LuVO4 laser by diode-pumped
Tm:YAP lasers.

First, we compare and analyze the performances
of the laser with transmittances of the output coupler
𝑇 = 50% and 60%. With 𝑇 = 50%, the maximum av-
erage output power of PQS is 2.3 W at the absorbed
pump power of 11.6W, corresponding to the central
wavelength of 2057.5 nm. The minimum pulse width
of 100 ns with the pulse repetition of 34.2 kHz is ob-
tained at the PQS operation. In addition, in both cw
and PQS operations, the output central wavelength
of the laser remains at 2057.5 nm with 𝑇 = 50% and
60%.

Depleted

pump

Tm:YAP

laser

1.94 mm

M3

2.1 mm OC, R=-400 mm

Cr2+:ZnS

Ho:LuVO4

M2

45OHT@1.9 mm

HR@2.1 mm

M1

0OHT@1.9 mm

HR@2.1 mm

Fig. 1. Experimental setup of the PQS Ho:LuVO4 laser.

The experimental setup is shown in Fig. 1. To eval-
uate the lasing performance of the Ho:LuVO4 crystal
at room temperature, a diode-pumped Tm:YAP laser
with the emission wavelength of 1.94µm is utilized as
the pump source, which emits 25 W of output power
with the beam quality 𝑀2 of 3.4. The Ho:LuVO4 crys-
tal is 20 mm in length and 3 × 3mm in cross section,
doped with 0.5 at.% Ho3+ and antireflection coated
at 1.94µm. The low doping concentration of Ho3+
ion will not only improve the Ho3+ laser efficiency,
but also reduce thermal loading of the laser crystal.[18]
Considering the losses of the transmission, the single-
pass absorption of the crystal is measured to be 46%.
The Ho:LuVO4 crystal is wrapped in indium foil and
is clamped in a copper heat-sink held at a temperature
of 17∘C with a thermoelectric cooler.

The L-shaped Ho:LuVO4 laser cavity consists of
a plane mirror M1 with 𝑅 > 99.5% at 2.1µm and
𝑇 > 96.2% at 1.9µm, a 45∘ dichroic mirror M2 with
𝑅 > 97.7% at 2.1µm and 𝑇 > 97% at 1.9µm, and
an output coupler M3 with a curvature radius of
𝑅 = −400mm. The physical cavity length is 110mm.
For the PQS operation, the Cr2+:ZnS SA is cut into
9× 9× 2mm3 with small signal transmission of 86.3%
at 2.1µm, which is mounted in a copper heat sink and
is cooled with circulating water. The distances be-

tween Cr2+:ZnS SA and the output coupler is 15 mm.
The saturation fluence is 1.1 J·cm−2. The calculated
TEM00 beam diameter is about 360µm for the PQS
operation in the Ho:LuVO4 crystal with an analysis
of cold resonator. The beam diameter of the TEM00

mode calculated on the Cr2+:ZnS SA is about 730µm.
By using of a 75 mm focal length mode-matching lens,
the pump spot size of ∼320µm in diameter is formed
in the Ho:LuVO4 crystal.
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Fig. 2. Average output powers of cw (a) and PQS, and
(b) Ho:LuVO4 lasers versus the absorbed pump power.

Figure 2 shows the average output powers of cw
and PQS Ho:LuVO4 lasers versus the absorbed pump
power. As can be noted from Fig. 2(a), in the cw oper-
ation the threshold powers are about 5.3 W and 5.9 W
corresponding to the output coupler 𝑇 = 50% and
𝑇 = 60%. The maximal output powers are 2.7W
and 2.3 W for the absorbed pump power of 11.6 W in
the crystal with slope efficiencies of 40.0% and 39.7%,
respectively, corresponding to the optical–optical con-
version efficiencies of 23.3% and 19.8%.

The output performances of the PQS Ho:LuVO4

laser are investigated by inserting the Cr2+:ZnS SA
into the cavity. From Fig. 2(b), when the transmit-
tances of output couplers are 50% and 60%, at 11.6 W
the absorbed pump power, the maximal output power
are 2.3W and 2 W with slope efficiencies of 35.1% and
34.9%, corresponding to the optical–optical conversion
efficiencies of 19.8% and 17.2%, respectively.

The cw and PQS laser spectra are recorded with a
spectrum analyzer (BRISTOL INSTRUMENTS 721)
at the absorbed pump power of 11.6 W, as shown in
Fig. 3. When the Ho:LuVO4 laser is in the cw op-
eration without Cr2+:ZnS in the cavity, the cw laser
central wavelength is 2057.5 nm with 𝑇 = 50%. How-
ever, when Cr2+:ZnS is placed into the cavity, the
Ho:LuVO4 laser is in the PQS operation, the central
wavelength of the output laser pulse is also 2057.5 nm.
As for 𝑇 = 60%, in cw and PQS operations it has no
change at the laser central wavelength compared with
𝑇 = 50%. That is, for 𝑅 = −400mm (𝑇 = 50%
and 𝑇 = 60%) of the output coupler, the center wave-
length of the laser output does not change under the
conditions of cw and PQS.
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Fig. 3. Output spectra of cw and PQS Ho:LuVO4 lasers.
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Fig. 4. The pulse width (a) and the repetition frequency
(b) versus the absorbed pump power.

The laser pulse is recorded by a Lecroy digital
oscilloscope (Wavesurfer 64 Xs, 2.5 G-samples/sec,
600 MHz bandwidth) with an InGaAs detector. Fig-
ure 4(a) shows the pulse width versus the absorbed
pump power. The pulse width decreases from 179 ns
to 100 ns and from 200 ns to 120 ns with the increase of
the absorbed pump power corresponding to the out-
put coupler 𝑇 = 50% and 60%, respectively. Fig-
ure 4(b) shows the pulse repetition frequency ver-
sus the absorbed pump power. As can be seen, for
𝑇 = 50% and 𝑇 = 60%, the pulse repetition fre-
quency increases with the absorbed pump powers from
22 kHz to 34.2 kHz and from 24 kHz to 33.5 kHz. This
is due to the fact that with the increase of the ab-
sorbed pump power, the intracavity gain coefficient is
increased and the bleaching time of Cr2+:ZnS SA is
shortened, which increases the repetition frequency.
In addition, we also find that with the increase of
the output coupler transmittance, the pulse width in-
creases and the repetition frequency decreases with
the same absorbed pump power.

The reason is that with the increase of the out-
put coupler transmittance, the cavity loss is increased,

the cavity energy storage is reduced and the bleach-
ing time of Cr2+:ZnS SA becomes longer, thereby in-
creasing the pulse width and reducing the repetition
frequency. We can find that the pulse width and the
pulse repetition frequency of Ho:LuVO4 laser can be
controlled by changing the absorbed pump power and
the transmittance of the output coupler.
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Fig. 5. The peak power (a) and the pulse energy (b) ver-
sus the absorbed pump power.

Figure 5 shows the peak power and the pulse en-
ergy versus the absorbed pump power. From Fig. 5(a),
we can know that when the output coupler trans-
mittances are 50% and 60%, the peak power changes
from 0.02 kW to 0.67 kW and from 0.04 kW to 0.50 kW.
In Fig. 5(b), the pulse energy changes from 0.02 mJ
to 0.07 mJ and from 0.01mJ to 0.06 mJ correspond-
ing 𝑇 = 50% and 𝑇 = 60%, respectively. From
Fig. 5 we can draw the conclusion that both the peak
power and the pulse energy increase with the absorbed
pump power with the same output coupler transmit-
tance. At the same time, both the peak power and the
pulse energy decrease with the increase of the output
coupler transmittance with the same absorbed pump
power.

At the absorbed pump power of 11.6 W, the pulse
train with the repetition frequency of 34.2 kHz and
single-pulse profile with duration of 100 ns for 𝑇 =
50% output coupler are shown in Fig. 6. It can be
found that the output pulses always show good sta-
bility. The pulse duration is determined by the intra-
cavity photon life, which is positively correlated with
the cavity length and the inverse relationship with the
cavity loss. To obtain a shorter pulse duration, we can
shorten the length of the cavity and reduce the small
signal transmission of the SA and the transmittance
of the output coupler.

The maximum cw output power 2.7 W is obtained
at 𝑇 = 50%. To determine the beam quality factor 𝑀2

of the vertical direction, we route the Ho:LuVO4 laser
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radiation though an 𝑓 = 100mm focal length lens,
and measure the 1/𝑒2 beam radius along the propa-
gation direction at cw output powers using a 90/10
knife-edge technique (shown in Fig. 7). Fitting the
Gaussian beam standard expression to these data, we
achieve the beam quality factor of 𝑀2

𝑦 = 1.10 in the
vertical direction and 𝑀2

𝑥 = 1.04 in the horizontal di-
rection. The beam intensity distribution is measured
using a pyroelectric camera.
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Width:100.004 ns

Frequency:34.2038 kHz

Time (200 ns/div)

Time (50 ms/div)

Fig. 6. (a) Typical oscilloscope trace of expanded shape
of a single pulse. (b) A train of output pulses.
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Fig. 7. The beam radius of the Ho:LuVO4 laser. Inset:
typical 2D beam profiles.

In conclusion, we have reported a PQS Ho:LuVO4

laser by diode-pumped Tm:YAP lasers. To the best
of our knowledge, it is the first PQS Ho:LuVO4 laser
with Cr2+:ZnS as the SA. The experiment shows great

potential of Ho:LuVO4 PQS lasers in generating short
pulses. With the output couplers 𝑇 = 50% and 60%,
the central wavelength of the laser output in both
cw and PQS operations remains to be 2057.5 nm. In
the PQS operation, with the absorbed pump power
11.6 W and the output coupler transmittance of 50%,
the maximum average output power 2.3W with the
shortest pulse width 100 ns and the maximum pulse
energy 0.07 mJ are obtained. When the output cou-
pler transmittance is 60%, the average output power,
peak power and pulse energy are lower than those of
𝑇 = 50% with the same absorbed pump power. In
the cw operation, the maximum output power 2.7W
is obtained corresponding to optical–optical conver-
sion efficiency of 23.3% with 𝑇 = 50%. At this mo-
ment, the measured beam quality of 𝑀2

𝑥 = 1.04 and
𝑀2

𝑦 = 1.1 in both directions perpendicular to the axis
of propagation.
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