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Owing to the small differences between the cross-sections of the four emission peaks around 1.3 μm, an efficient
four-wavelength synchronous launched laser is demonstrated using a Nd:GdLuAG crystal. The laser has no
special resonator design. The maximum output power is 4.28 W, which corresponds to a conversion efficiency
of 45.6%. For the Q-switching, the laser operated in dual-wavelength mode, and the single pulse energy is main-
tained at ∼80 μJ. By calculating the population inversion density, multi-wavelength emission characteristics in
both continuous wave and Q-switching lasers are discussed.
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Gain materials are crucial for fostering the development
and applications of lasers. In gain materials, the emission
by active ions is determined mainly by their electronic
structure, and is modulated by the crystal field of the host
material[1]. Garnet crystals have been identified as the
most prominent hosts, since they have excellent chemical
and physical properties. As a representative, Nd:YAG has
become a commercial success. Nowadays, more research
on these materials is focused on the multiple-wavelengths
laser emission, due to its desirability for a wide range of
applications, including precision spectral analysis, medical
instrumentation, and optical clock synchronization. Host
cation doping is an effective method for increasing the
emissive center and adjusting the stimulated emission
cross-section of the active ions, such as Nd-doped
GdYVO4

[2], LuYSiO4
[3], YGd2Sc2Al2GaO12

[4], and so on.
A Nd0.03:Lu2.871Gd0.099Al5O12 crystal was first grown in
2011 as a novel host cation doping laser material, and
its laser properties at 1.06 and ∼0.95 μmwere simply dem-
onstrated in 2011[5] and 2013[6], respectively. To our knowl-
edge, these are all of the results about this laser crystal.
Its emission property of an 4F3∕2 → 4I13∕2 transition has
never been reported. Compared to the fluorescence spec-
trum of the well-known Nd:YAG crystal, the intensity
differences among the four emission peaks around 1.3 μm
in Nd0.03:Lu2.871Gd0.099Al5O12 are even smaller, which is
beneficial to realizing multi-wavelength lasing. More
importantly, by a random replacement of Lu ions with
Gd ions, a disordered structure can be created, which
should be favorable for producing large-pulse energy in a
Q-switching laser and a short pulse duration in a mode-
locking laser.

In this Letter, by using a commercial laser diode as
pump source, a four-wavelength laser around 1.3 μm
was demonstrated with a Nd:LuGdAG crystal in a simple
two-mirror cavity. To our knowledge, this is the first time
that a research team has obtained the four-wavelength
laser emission by using these double-cations doping laser
materials. For the Q-switching laser operation, a dual-
wavelength laser with the largest pulse energy, ∼80 μJ,
was demonstrated. These simultaneous multi-wavelength
lasers are the best choice to generate the ultrahigh repeti-
tion rate pulses by optical beating[7,8] and the coherent
terahertz radiation by difference frequency generation[9,10].

A Nd:GdLuAG (Nd0.03Lu2.871Gd0.099Al5O12) crystal
was grown using the Czochralski process. It has a cubic
structure with the space group of O10

h -Ia3d, which means
that the optical properties are independent of the crystal
orientation. The crystal is cut along its h111i direction
with the dimension of 3 mm× 3 mm× 6 mm. Its two
3 mm× 3 mm end faces are polished and uncoated. An
Edinburgh FS920 High Sensitive Fluorescence Spectrom-
eter is used to measure the fluorescence spectra. The pump
source is a xenon lamp with an emission wavelength of
200–900 nm, and the detector is a 800–1700 nm InGaAs
stable-state detector with a resolution of <0.09 nm (with
a 1200 g/mm grating). The emission light data of the crys-
tal is measured at room temperature with the step length
of 0.1 nm. Figure 1 shows the fluorescence spectrum of the
Nd:GdLuAG crystal; the inset is the fine spectrum of
Nd3þ in the 4F3∕2 → 4I13∕2 transition. Four emission peaks
at 1321.1, 1333.4, 1338.5, and 1353 nm are found in the
4F3∕2 → 4I13∕2 transition, corresponding to the fine
transition of R2 → X2, R1 → X1, R2 → X3, and R1 → X4,
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respectively. With the fluorescence lifetime of τr ¼ 262 μs
measured[5], the stimulated emission cross-sections can be
calculated by Fuchtbauer–Ladenbrug method[11,12]:

σeðλÞ ¼
λ4I ðλÞ

8πcn2τr
R
I ðλÞdλ ; (1)

where I ðλÞ is the fluorescence intensity at the wavelength
λ, and n is the refractive index. The calculated results of
1321.1, 1333.4, 1338.5, and 1353 nm were 1.7 × 10−20 ,
1.5 × 10−20 , 2.0 × 10−20 , and 1.4 × 10−20 cm2, respec-
tively. The comparable values of σ make it possible to
obtain simultaneous multi-wavelength oscillation around
1.3 μm. Moreover, the values are smaller than that of the
Nd:YAG crystal (8.7 × 10−20 cm2 for 1318.8 nm, and
9.2 × 10−20 cm2 for 1338.2 nm[13]). Combined with the
relative longer fluorescence lifetime, Nd:GdLuAG has a
larger energy storage capacity and is more capable of pro-
ducing large pulse energy and high-peak power lasers.

Figure 2 shows the experimental setup. The pump source
was a fiber-coupled laser diode with a central wavelength
at approximately 808 nm. The numerical aperture of the
fiber bundle was 0.22, and the output of the source was
focused onto the laser crystal with a spot radius of
0.1 mm. M1 was the input mirror with a curvature radius
of 250 mm. M1 was high-transmission (HT) coated at
808 nm and 1.06 μm on the flat face, and HT-coated at
808 nm and 1.06 μm and high-reflection coated at 1310–
1360 nm on the concave face. The output couplers of M2
were flat mirrors with different transmission lengths rang-
ing from 1310 to 1360 nm (T ≈ 1%, 3.4%, 6.3%, and 11.2%;
the values at specific wavelengths can be seen in Fig. 2).
The Nd:GdLuAG crystal was polished and uncoated. To
remove the generated heat under high pump powers, the
laser crystal was wrapped in indium foil and mounted on
a water-cooled copper block, and the saturable absorber
was held in a copper block without cooling water. The
V3þ:YAG absorber, with the dimensions of 3 mm ×
3 mm× 2.8 mm and an initial transmission of 95% at
1.34 μm, was placed next to M2, to realize theQ-switching
laser operation. The generated continuous wave (CW) and
pulsed average output powers were measured using an en-
ergy/power meter (Molectron, EPM 2000). The temporal
behaviors of the Q-switched laser were recorded using a
DPO7104 digital oscilloscope (1 GHz bandwidth and
10 Gs/s sampling rate, Tektronix) and a photo-detector
(New focus, model 1611). The spectral information was
monitored by a commercial optical spectrum analyzer
(Yokogawa, AQ6370 C) with a resolution of 0.05 nm.

Without the V3þ:YAG, the laser was in the CW regime.
Figure 3(a) shows the output power as a function of the
absorbed pump power. The maximum output power of
4.28 W was obtained when T ¼ 3.4%, corresponding to
a conversion efficiency of 45.6%. We assume the mode vol-
ume efficiency between the pump and the laser modes is
equal to the value of ðω2

l;i þ ω2
pÞl [14], where wl;i and wp are

the beam radii for the laser and the pump modes at the

Fig. 1. Fluorescence spectrum of the Nd:GdLuAG crystal at
room temperature. Inset: Fine spectrum of the 4F3∕2 → 4I13∕2
transition.

Fig. 2. Schematic diagram of the experimental setup, and the transmission of the different output couplers used in this experiment.
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waist in the active medium, respectively, and l is the crys-
tal length. According to the gain and total cavity round-
trip loss, the threshold for each transition in a four-level
laser can be expressed as[15]

Pth;i ¼
lnð 1

Ri
Þ þ Li

2ηi

hνp
σiτi

ðω2
l;i þ ω2

pÞ; i ¼ 1; 2; 3; 4; (2)

where i ¼ 1, 2, 3, and 4 represent the modes at 1338.4,
1320.5, 1333.4, and 1353 nm, respectively; R is the reflec-
tivity of M2 and is shown in Fig. 2; L is the round-trip
cavity loss; η is the quantum efficiency; σ is the emission
cross-section; τ is the fluorescence lifetime at the upper
level. Comparing the calculated results of the four transi-
tions, themode at 1338 nmhas theminimum threshold and
oscillated first. As shown in Fig. 3(b), the calculated values
at 1338 nm with different output couplers are joined well
with our experiment, which indicates that the laser cavity
has been optimized well. Once the first oscillated mode was
obtained, the laser thresholds of the other modes could not
be calculated by Eq. (2). The main reason was that mode
at 1338.4 nm fixes the population inversion at a level which
is below that required to obtain lasing from the other
modes, which can oscillate only at a much higher pump
power, due to the nonhomogeneity of the population inver-
sion in the gain medium. When T ¼ 3.4%, the experimen-
tal thresholds at 1320.5, 1333, 1353 nm are 1.02, 3.62, and
7.18 W, respectively.
With a high-resolution spectrum analyzer (Yokogawa,

AQ6370 C), the laser spectra were recorded and shown
in Fig. 4. By increasing the pump power, we can obtain
single-, dual-, tri-, and four-wavelengths laser outputs,
respectively. The different frequency interactions among
these wavelengths may be used to generate radiation at
0.84, 2.2, 2.42, 3.04, 3.26, and 5.46 THz.
By inserting the V3þ:YAG as the saturable absorber, a

1.3 μm, passiveQ-switched laser was realized. The average
output power at different output couplers versus the ab-
sorbed pump power is shown in Fig. 5(a). The maximum

output power of 1.7 W was obtained when T ¼ 6.3%. The
relatively large threshold of 2.21 W was due to the large
threshold population inversion density caused by the
small stimulated emission cross-section and the uncoated
insert loss[16]. Fortunately, the large thermal conductivity
and the excellent crystal quality allowed it to still run
under high-pump power. With a DPO7104 digital oscillo-
scope, the laser pulse was recorded. Figure 5(b) shows the
pulse width versus the width of the absorbed pump power.
The shortest pulse width, 21.8 ns, was obtained at the
highest pump power, when T ¼ 3.4%, and the profile is
shown in the inset of Fig. 5(b). Using the average output
power and the pulse repetition frequency (PRF), the sin-
gle pulse energy was calculated. Its variation with the ab-
sorbed pump power is shown in Fig. 5(c). The pulse energy
was stable, and the variation was less than 10%, unlike its
tendency to rise, as seen in Refs. [17,18]. Instead, it is
similar to the case found by Chen and Lan[19,20]. In this

Fig. 3. (a) Output power as a function of the absorbed pump power. (b) The calculated initial laser thresholds at different wavelengths,
and the experimental results at 1338 nm.

Fig. 4. Laser spectra at different absorbed pump powers when
T ¼ 3.4%: (a) Pab ¼ 0.8 W. (b) Pab ¼ 3.2 W. (c) Pab ¼ 6.8 W.
(d) Pab ¼ 9.42 W.
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experiment, the largest pulse energy was obtained when
T ¼ 11.2%, and was maintained at ∼80 μJ. The results
are improved over those obtained in the case of the
Nd:YAG crystal (37� 7 ns, 25 μJ)[18] and the ceramic
(∼140 ns, 51 μJ with T0 ¼ 90%)[21]. In these cases, the re-
sults were mainly caused by the smaller stimulated emis-
sion cross-section, and the longer upper level lifetime. The
uniformity of the pulse trains, as shown in Fig. 5(d),
indicated the stability of the passive Q-switching lasers
with this novel laser gain. With a mirror that has different
reflectivity at 1320.5 and 1338.4 nm, no time jitter or
amplitude fluctuations were found in the pulse trains after
the output laser had passed by. During combing with the
pulse profile, no optical beating between the dual wave-
lengths was observed, and no satellite pulse was present

before or after the pulse. We believe the pulses of the dual
wavelengths are time-overlapped.

As recorded by the spectrum analyzer, the laser first
oscillated in a single-wavelength mode, and the second
wavelength turned out as the pump power increased.
The recorded dual wavelength when T ¼ 3.4% at 1338.4
and 1320.5 nm is shown in Fig. 5(d). No third wavelength
was observed, which was not the situation in the CW laser
operation. As discussed in Refs. [22,23], the ith mode
initial population inversion density nii of the pulsed laser
of the passive Q-switching laser can be written as

nii ¼
ln
�

1
1−Ti

�þ ln
�
1
T2

0

�þ Li

2σi l
: (3)

The initial population inversion density of the different
wavelengths versus the output coupler T and initial
transmissions T0 is shown in Fig. 6 (left). The value of nii

increased as the value of T0 decreased, or as the output
coupler increased.nii¼1338.4 is always smaller than the other
three modes, which means that the laser oscillates more
easily at 1338.4 nm. Once the laser is generated, the trans-
mission of V:YAG becomes saturated and is “bleached” by
the laser at 1338.4 nm. Then the other mode will oscillate if
the residual population inversion densitynri has reached its
threshold. nri can be expressed by

nri ¼
ln
�

1
1−Ti

�þ ln
�
1
T2

s

�þ Li

2σi l
; (4)

where Ts is the saturated transmission of V:YAG. For
T0 ¼ 0.95 in the present experiment, the total population
inversion density ofnii¼1338.4 andnri (i ¼ 1320.5, 1334.4, or
1353 nm) is calculated by Eq. (4) and shown in Fig. 6
(right). At each output coupler, nii¼1338.4 þ nri¼1320.5 is the
minimum, which indicates that the threshold of 1320.5 nm
is smaller than that of 1333.4 and 1353 nm. In this experi-
ment, the laser oscillated at 1320.5 nm as the second mode

Fig. 5. Characterization of the passive Q-switching laser.
(a) Average output power versus the absorbed pump power.
(b) Pulse width as a function of the absorbed pump power; inset:
pulse profile of 21.8 ns. (c) Pulse energy versus the absorbed
pump power. (d) Laser spectrum of the passive Q-switched
dual-wavelength laser at the absorbed pump power of 9.42 W;
inset: the pulse trains at 14.8 kHz.

Fig. 6. Initial population inversion density versus the initial transmittance of the absorber and the output coupler (left). Total
population inversion density at the different couplers (right).
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at different output couplers, but the third wavelength was
not observed as being limited by the absorbed pumppower.
According to our calculations, the third and even the forth
wavelength may appear when the output coupler T is
decreased, and/or when the initial transmissions T0 are
increased.
In conclusion, we research the 1.3 μm spontaneous

and stimulated emission characteristics of a novel
Nd:GdLuAG crystal. The stimulated emission cross-
sections are calculated according to the measured
fluorescence spectrum. Their values are 1.7 × 10−20 ,
1.5 × 10−20 , 2.0 × 10−20 , and 1.4 × 10−20 cm2 for the four
emission peaks at 1321.1, 1333.4, 1338.4, and 1353 nm, re-
spectively. CW and passive Q-switched lasers at 1.3 μm
with this novel crystal are also demonstrated. In the CW
operation, the laser operates in single-, dual-, tri-, and
four-wavelengths, in order with the increasing pump
power. The maximum output power obtained is 4.28 W
when T ¼ 3.4%, which corresponds to a conversion effi-
ciency of 45.6%. By using a V3þ:YAG as a saturable
absorber, a passive Q-switched dual-wavelength laser is
realized at 1320.5 and 1338.5 nm. Then, the select wave-
length characteristics are examined by calculating the
threshold and population inversion density in the CW
and Q-switching lasers, respectively. In the pulsed laser
operation, the single pulse energy is stable and basically
insensitive to the pump power, and the largest pulse energy
is maintained at ∼80 μJ when T ¼ 11.2%. This dual-
wavelength laser, with its large, stable pulse energy and
time synchronization,may be used in various fields, includ-
ing material processing, nonlinear frequency conversion,
high-energy physics, and differential interferometry
synthetic aperture radar.
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