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Output performance of a continuous-wave (CW) laser diode end-pumped passively Q-switched Tm,Ho:YLF
laser is demonstrated with a Cr:ZnS crystal as the saturable absorber. We particularly investigate the influ-
ence of saturable absorber's position in the resonator when the Cr:ZnS crystal is placed close to and far
from the laser beam waist. We compare the experimental results at the two different positions, and find
that the laser shows unusual output characteristics when the Cr:ZnS saturable absorber is placed close to
the beam waist. The pulse width and the pulse energy almost keep constant, measured about 1.25 μs and
4 μJ respectively, when the pump power is changed in the range of 1–1.9 W. Moreover, the pulse repetition
frequency can be tuned between 1.3 kHz and 2.6 kHz by changing the pump power. The output wavelength
of the passively Q-switched laser shifts to 2053 nm from 2067 nm in CW operation.

© 2012 Elsevier B.V. All rights reserved.
1. Introduction

Eye-safe, diode-pumped all-solid-state lasers operating in the
spectral region near 2 μm are regarded as promising sources for vari-
ous applications in Doppler wind sensing, differential absorption
lidar, water vapor profiling, and low altitude wind shear detection
[1,2]. The Tm-Ho co-doped materials, operating on the Ho transition,
are usually preferred for high-output energy application, many differ-
ent hosts and transitions have been reported to laser [3–7]. Continu-
ous wave and actively Q-switched Tm,Ho:YLF lasers have been widely
investigated [8–12], but few papers have reported on the microsec-
ond pulse passively Q-switched Tm,Ho:YLF lasers at present.

Passive Q-switching is more cost-effective and simpler method to
provide compact setups, furthermore it does not need rather expen-
sive and bulky acousto-optic or electro-optic modulators. However,
only few passive Q-switching experiments have been performed at
2 μm wavelength range. Y. K. Kuo et al. reported the flashlamp-
pumped passively Q-switched 2 μm Tm,Cr:Y3Al5O12 lasers with Ho:
YVO4, Ho:YLiF4 and Ho:GaF2 crystals as effective solid-state saturable
absorbers respectively [13–15]. Flash-lamp-pumped Ho:YAG
(2090 nm) and Tm:YAG (2017 nm) passively Q-switched lasers by
use of a Cr:ZnSe saturable absorber also were reported [16]. Passively
Q-switched Yb,Tm:KY(WO4)2 and Tm:KY(WO4)2 lasers with a thin
plate of Cr:ZnS as a saturable absorber also were presented, and a
maximum average output power of 116 mW emitted at 1.9 μm was
obtained [17]. Yao et al. demonstrated a passively Q-switched
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operation of a diode pumped Tm:YAP laser by using a semiconductor
saturable absorber based on InGaAs/GaAs at the wavelengths
1940 nm and 1986 nm, however, the passively Q-swithed Tm:YAP
laser has a high threshold pump power of about 15 W [18]. At the
same time, the passively Q-switched Tm fiber lasers also got good de-
velopment. Qamar et al. presented passively Q-switched pulses with
330 ns pulse duration and 15 W peak power using a single-clad Tm-
silica fiber laser and Cr:ZnSe saturable absorber crystal at 1.9 μm
when pumped with 3.6 W launched power at 1.3 μm [19]. Jackson
reported an all-fiber passively Q-switched double-clad Tm-doped
fiber laser with Ho-doped silica fiber as a saturable absorber [20].

In this paper, we describe a stable pulse-width passively Q-
switched Tm,Ho:YLF laser which generates nearly diffraction-
limited laser beam at 2053 nm. The pulse width is about 1.25 μs, the
pulsed energy is about 4 μJ, and the pulse repetition frequency is be-
tween 1.3 kHz and 2.6 kHz that can be tuned by changing the pump
power. The nearly diffraction-limited and stable long pulse laser can
be used to laser lidar systems for accurate wind velocity measure-
ments. For coherent laser lidar, an accurate wind velocity measure-
ment requires microsecond pulses [21]. Injection seeding by a long
pulse seed laser can directly produce pulses of the proper duration
without requiring excessively long resonators or elaborate cavity-
loss control schemes [22].

2. Experimental setup

The experimental setup is shown in Fig. 1. The pump laser is a
fiber-coupled laser diode temperature-tuned to 792 nm emission
wavelength. The diameter and numerical aperture of the fiber core
are 100 μm and 0.22 respectively. A coupling optics system is used
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Fig. 1. Schematic diagram for the passively Q-switched Tm,Ho:YLF laser.
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Fig. 2. (a) Average output power and (b) pulse energy as a function of pump power,
and L is the distance of the Cr:ZnS crystal from the Tm,Ho:YLF crystal.
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Fig. 3. (a) Pulse width and (b) repetition frequency as a function of pump power, and L
is the distance of the Cr:ZnS crystal from the Tm,Ho:YLF crystal.
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to focus the pump beam. The total transmission efficiency of the
beam-reshaping system is over 90% at 792 nm.

The a-cut Tm,Ho:YLF laser crystal has dopant concentrations (with
respect to the Y-lattice site) of 6% Tm, 0.4% Ho, and a dimension of
5 mm×5 mm in cross section and 2.5 mm in length. A plane-
concave resonator is employed to make the system very simple and
compact. The near hemispherical resonant is formed between the
planar crystal front face and the output coupler. A dichromatic coat-
ing on the front face of the crystal is high transmitting at 792 nm
but is totally reflecting at 2 μm. The other face is only polished and
uncoated at both pump and output wavelengths. To efficiently re-
move the heat generated with pump power from the crystal, the crys-
tal is wrapped with indium foils and held in brass heat sink.
Temperature of the heat sink is held at a constant 283 K with a ther-
moelectric cooler. The laser cavity length is about 45 mm. The radius
of curvature of the output coupler is near 52 mm and its transmit-
tance to 2 μm laser is 2%. For passive Q-switch operation, a Cr:ZnS sat-
urable absorber with a dimension of 9.3 mm×4.5 mm in cross section
and 2.2 mm in length is inserted between the output coupler and the
Tm,Ho:YLF crystal, and the distance of the Cr:ZnS crystal from the Tm,
Ho:YLF crystal is L. The faces of Cr:ZnS crystal are antireflection coat-
ed near 2055 nm leading to an initial transmission of T0=95%. The
laser pulse width, repetition frequency, and waveform are observed
with a room temperature InGaAs detector and a TDS3032B digital os-
cilloscope. An energy meter (Coherent PS10) is employed to measure
the pulse energy.

3. Results and discussion

When the distances L is 5 mm and 30 mm respectively, the aver-
age output power and pulse energy as a function of pump power
are shown in Fig. 2. From Fig. 2(a), it can be noted that for
L=5 mm the average output power increases from 6 mW to
16 mW with the pump power when the pump power is less than
1.7 W, then decreases with the pump power due to the thermal effect
of Tm,Ho:YLF laser crystal when the pump power is over 1.7 W. For
L=30 mm, the maximum average output power is 8 mW when the
pump power is 1.5 W, then the average output power decreases
with the pump power. Fig. 2(b) shows that the pulse energy at
L=30 mm slightly increases from 5 μJ with the pump power, and ar-
rives a maximum value of 6 μJ at the pump power of 1.5 W. It can also
be noted from Fig. 2 (b) that the pulse energy increases slightly with
the pump power for L=5 mm, but nearly a constant of 4 μJ. Fig. 3(a)
shows the pulse width as a function of pump power. It can be seen
that the pulse width at L=30 mm decreases from 3.7 μs to 2 μs as
the pump power increases from 1 W to 1.7 W, however, the pulse
width at L=5 mm exhibits no obvious dependence on the pump
power and almost a constant of 1.25 μs. Fig. 3(b) gives the depen-
dence of pulse repetition frequency on the pump power. It is seen
from Fig. 3(b) that at L=5 mm the pulse repetition frequency linearly
increases with the pump power from 1.3 kHz to 2.6 kHz when
the pump power is increased from 1W to 1.4 W, however, the
pulse repetition frequency decreases with the pump power from
2.6 kHz to 1.8 kHz when the pump power is increased from 1.4 W
to 1.9 W. The pulse repetition frequency at L=30 mm is at the
range of 0.6–1.4 kHz when the pump power is changed between
1 W and 1.7 W. Through above experimental results, it can be
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noted that when the distance L is about 5 mm, the passively Q-
switched Tm,Ho:YLF laser shows special performance. The pulse en-
ergy and pulse width are nearly constants when the pump power is
changed from 1 W to 1.9 W, however, the pulse repetition frequency
can be tuned from 1.3 kHz to 2.6 kHz by only changing the pump
power.

Q-switched Tm,Ho:YLF lasers have significant thermal lens effect
which affects the stability of the laser resonator. To understand
the experimental results better, we give the following theoretical
analysis. An energy level diagram for Tm,Ho:YLF laser is shown in
Fig. 4. When the 792 nm pump light from the diode laser is absorbed
into the 3H4 manifold, the 3F4 manifold is efficiently populated
through the well-known two-for-one cross-relaxation process. A
fraction of the energy stored in the Tm3+ 3F4 manifold is then trans-
ferred to the Ho3+ 5I7 manifold. As the populations of 3F4 and 5I7
grow, the long lifetimes of the levels are reduced by energy transfer
upconversion (ETU) processes, among which the most effective is
3F4+5I7→

3H6+5I5. The excitation is followed by a fast decay to 5I6,
a transfer of excitation to 3H5, and a fast relaxation to 3F4.
The heat generated from ETU processes is due to the multi-phonon
relaxation from the excited level back to the upper laser level.
The laser emission at 2.06 μm is due to a transition between the lo-
west Stark level in the 5I7 manifold and a high level in the 5I8
ground-state manifold. In such cases, the population density on
the lower laser level is not presumed to be zero, but is assumed to
have a small thermal population. The energy transfer between the
Tm3+ 3H4 and Ho3+ 5I7 manifolds is fast compared to their upper
state lifetimes, so they can be treated as a coupled level under
CW pumping [23]. Under taking ETU effects into account, the rate
equation for population density before laser oscillating is given by
[23]

N2 ¼ NTm−N1 ð1Þ

N5 ¼ NHo−N4 ð2Þ

N2 þ N5 ¼ 1−f Hoð ÞNu þ f HoNu ¼ Nu ð3Þ

dNu

dt
¼ Rp−

Nu

τ
−QN2

u ð4Þ

where N1, N2, N4 and N5 are 3H6, 3F4, 5I8 and 5I7 population densities
respectively, Nu is the sum of the Tm3+ 3H4 and Ho3+ 5I7 population
densities, Q is the ETU constant, fHo is the net transfer energy from
3H4

3H5
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Fig. 4. Schematic diagram of the major excitation and relaxation processes in Tm,Ho:
YLF laser crystal: CR, cross-relaxation; ET, energy transfer; ETU, energy transfer
upconversion.
Tm3+ to Ho3+, and τ is the coupled upper level lifetime and can be
expressed as

1
τ
¼ 1−f Ho

τ2
þ f Ho

τ5
ð5Þ

where τ2 and τ5 are the intrinsic radiation lifetimes of the Tm3+ 3F4
and Ho3+ 5I7 levels. Rp is the average pump intensity and can be
expressed as

Rp ¼ ηpηαPin

hνp

1
πω2

pl
ð6Þ

where hνp is the pump photo energy, Pin is the incident pump
power, ηp is the pump quantum efficiency and is primarily con-
centration dependent, ωp is the average pump size in the crystal
length, ηα=1−exp(−αl) is the absorption efficiency at the pump
wavelength, α is the absorption coefficient. From Eq. (4), the ini-
tial population density of the coupled upper level at the end of
the high- loss segment at repetition frequency f can be derived as
[24,25]

Ni ¼
1
B

A
1þ BNf þ A
� �

þ 1þ BNf−A
� �

exp −A=τ:fð Þ
1þ BNf þ A
� �

− 1þ BNf−A
� �

exp −A=τ:fð Þ
−1

2
4

3
5 ð7Þ

A ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ 4τ2QRp

q
ð8Þ

B ¼ 2Qτ ð9Þ

Nf ¼
Δnf þ f lNHo

γf Ho
ð10Þ

Δnf ¼
δ

2σel
ð11Þ

γ ¼ f u þ f l ð12Þ

where Nf is the residual population inversion density of the
coupled upper laser level from the preceding pulse, Δnf is the resi-
dual population inversion density of the upper laser level from
the preceding pulse, σe is the stimulated emission cross section, l
is the crystal length, and δ is the roundtrip dissipated optical loss.
γ is the inversion reduction factor, fl is the fraction of the lower
manifold.

Without ETU effects, i.e. Q=0, from Eq. (4), the initial population
inversion density of the coupled upper level at the end of the high-
loss segment at repetition frequency f can be simplified as

N0
i ¼ Rpτ− Rpτ−Nf

� �
exp − 1

τ:f

� �
ð13Þ

With Eqs. (7) and (13), the fractional reduction of the coupled
upper level population inversion density that is due to ETU effects
can be expressed as [24]

FETU f ; Pinð Þ ¼ 1− Ni

N0
i

ð14Þ

The parameter FETU is a function of the pump power and the repe-
tition frequency. Since FETU represents the fraction of the ions in the
coupled upper level via ETU process, the fraction (1−FETU) of the
coupling upper level populations that decay via the fluorescence pro-
cess results in the thermal loading equal to the quantum defect.
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Under considering the relaxation efficiency, the fractional thermal
loading can be expressed as

ξ f ; Pinð Þ ¼ 1−
ηp
2

� �
þ FETU f ; Pinð Þ þ 1−FETU f ; Pinð Þ½ � 1−

2λp

λf

 !( )
ηp
2

ð15Þ

where λp is the pump wavelength, λf≈2 μm is the average fluores-
cence wavelength. With Eqs. (7)–(15) and the following parameters:
ηp=1.57 [26], α=5.4 cm−1 [4], τ=10 ms [4], σe=15×10−20 cm2

[27], NHo=5.59×1019 cm−3, l=2.5 mm, λp=792 nm, λl=2.06 μm,
ωp=130 μm, Q=5×10−18 cm3/s, δ=0.03, we calculate the
fractional thermal loading as a function of the repetition frequen-
cy for several values of the pump power as shown in Fig. 5(a).
It can be noted that the fractional thermal load is more signifi-
cant at low repetition frequencies because of the ETU effects. The
thermal focal length for an end-pumped solid state laser is given
by [9]

f th ¼ πKcω
2
p

ξηαPin

1
∂n=∂T þ n 1þ νð ÞαT½ � ð16Þ

where Kc is the thermal conductivity, ηα=1-exp(−αl) is the absorp-
tion coefficiency, where α is the absorption coefficient, and l is the
length of the laser crystal, ωp is the average pump size in the active
medium, ν is Poisson's ratio, αT is the thermal expansion coefficient,
n is the refractivity index of the laser crystal, ∂n/∂T is the thermal-
Fig. 5. (a) Dependence of ξ on the pulse repetition frequency for several pump
powers.(b) Dependence of the mode size on the pump power for several pulse repeti-
tion frequencies.
optic coefficient of n. Taking the thermal lens effect into account,
the mode size of laser can be given by

ω0 ¼ λ
π

� �2 Le 2f th−Leð Þ R2−Leð Þ 2f th þ R2−Leð Þ
2f th þ R2−2Leð Þ2

" #1
4

ð17Þ

where Le is the optical cavity length, and R2 is the radius of curvature of
the output coupler.With Eqs. (16) and (17), Fig. 5(a), and the following
parameters [28]: Kc=6W K−1 m−1, n=1.47, αT=13×10−6 K−1, ∂n/
∂T=−4.3×10−6 K−1, ν=0.33, α=5.4 cm−1, ωp=130 μm, Le=
4.5 cm, R2=52mm, the dependence of the mode size of laser on the
pump power is calculated, and the calculation results for several repe-
tition frequencies are shown in Fig. 5(b). It is clear from Fig. 5(b)
that the influence of the thermal lens effect to the laser mode size
is decreasing function of repetition frequency. The lower the repeti-
tion frequency, the larger the thermally induced loss, consequently,
the faster the laser resonator becomes unstable as the pump power
increases.

According to the above theoretical analysis, the passively Q-
switched Tm,Ho:YLF laser has prominent thermal effects, so the out-
put power of the laser begins to decrease when the pump power is
over a certain value as shown in Fig. 2(a). Because the pulse repetition
frequency is higher at L=5 mm than at L=30 mm, the correspond-
ing pump power that the average output power begins to fall is smal-
ler at L=30 mm than at L=5 mm. The saturation absorption loss of
Cr:ZnS saturable absorber is larger at L=30 mm than at L=5 mm
due to the distribution of intracavity laser field, so the output power
is higher at L=5 mm than at L=30 mm.

When the pump power is 1.4 W, the typical output pulse trains
and individual pulses at L=30 mm and L=5 mm obtained from the
Tm,Ho:YLF lasers are shown in Fig. 6. It can be noted from Fig. 6(a)
that when the distance L is equal to 30 mm, the pulse amplitude var-
iation of pulse-to-pulse stability is less than 10%, and the pulse repe-
tition frequency is about 1.3 kHz. Fig. 6(b) shows that for a pump
power of 1.4 W, the width of the single laser pulse in is about 2.7 μs.
When the distance L is 5 mm, the pulse amplitude is more stable,
and the pulse repetition frequency has a larger value of 2.6 kHz as
shown in Fig. 6(c). Fig. 6(d) shows the pulse width is about 1.25 μs
at L=5 mm for a pump power of 1.4 W. Furthermore, the output
pulses always show good stability, when the pump power is changed.

The emission wavelengths of the continuous wave free running and
passively Q-switched Tm,Ho:YLF lasers are measured with a WDG-30
monochrometer which is connected to a cooled InGaAs photodetector.
When the Tm,Ho:YLF laser is CW operation and the Cr:ZnS crystal is
not placed in the cavity, the centre wavelength of the output laser is
2067 nm. However, when Cr:ZnS crystal is placed into the cavity, and
the Tm,Ho:YLF laser is passively Q-switched operation, the centre wave-
length of the output laser pulse is changed to 2053 nm as shown in Fig. 7.

When the distance L from the Tm,Ho:YLF crystal to the Cr:ZnS is
5 mm, the transverse output beam profiles are measured with a
beam analyzer (Electrophysics, MicronViewer 7290A), and shown in
Fig. 7(a) and (b). The output beam is close to fundamental transverse
electromagnetic mode (TEM00). The M2 factors for various pump
powers were measured by the traveling knife-edge method, and it
can be noted that M2 factors are less than 1.4 for various pump pow-
ers. So the TEM00 output beam is achieved in such compact passively
Q-switched Tm,Ho:YLF laser with Cr:ZnS as a saturable absorber.

4. Conclusion

Laser diode end-pumped passively Q-switched Tm,Ho:YLF lasers
near room temperature have been reported. The Q-switching opera-
tion is obtained by inserting a 2.2 mm thick Cr:ZnS crystal into the
laser cavity. Compared to the output wavelength of 2067 nm in CW
operation, the output wavelength of the passively Q-switched Tm,



Fig. 6. (a) The train of output pulses at a repetition frequency of 1.3 kHz and (b) the expanded shape of the output single pulse showing 2.7 μs pulse width (L=30 mm). (c) The
train of output pulses at a repetition frequency of 2.6 kHz and (d) temporal profile of the output single pulse showing 1.25 μs pulse width (L=5 mm).
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Ho:YLF laser is 2053 nm. When the distances between the Cr:ZnS
crystal and the Tm,Ho:YLF crystal are 5 mm and 30 mm respectively,
the experimental results are compared. For the distance of 30 mm be-
tween the Cr:ZnS crystal and the Tm,Ho:YLF crystal, the maximal
values of the output power and pulse energy are 8 mW and 6 μJ re-
spectively, and the pulse width decreases with the pump power. For
the distance of 5 mm, the laser beam profile is close to TEM00 mode,
furthermore, the pulse width and the pulse energy are almost con-
stants. The pulse width is about 1.25 μs, and the pulse energy is
about 4 μJ. The nearly diffraction-limited and stable long pulse laser
can be used to 2 μm laser lidar systems for accurate wind velocity
measurements.
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