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Abstract

The laser source with 3 pm/2 pum output wavelength has many application prospects in clinical medicine, photoelectric coun-
termeasure, and scientific research measurement. An Er’* doped ZBLAN fiber laser with output wavelength of 2 .8 pum and
1 .6 um is experimentally studied. By setting the pump power to 5 W, a continuous dual-wavelength output with a central
wavelength of 2.803 um and 1.61 um is obtained and the corresponding maximum output power is 362.4 mW and 108.6 mW.
The slope efficiency is 12.1% and 4.94% respectively. What’s more, the slope efficiency is 12.1% and 4.94% respectively, and
the fluctuation rates of peak power of the two wavelengths are 9.7% and 2.1% within 4 h which indicate that the laser has

relatively good stability.
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Introduction

Laser source with output of 3 um/2 um has a wide range of
applications in industrial processing, measurement, scientific
research, military and civil fields, and especially biomedical
[1-7]. About 70% of human tissues are composed of water.
The infrared absorption spectrum of water shows that it has a
strong absorption peak at 3- and 2-um bands, so laser with
wavelength of 3 wm/2 um can be used to remove the necrotic
structure of human body and to perform minimally invasive
surgery [8—12].

For practical applications, there are mainly three ways to
obtain laser at Nonlinear performance: (1) semiconductor la-
sers with gain media of narrow-band compounds of alumi-
num, gallium, arsenic, and antimony [13-15]; (2) using non-
linear performance of some crystal materials to transfer the
long-infrared or short-infrared bands can to near-infrared and
medium-infrared bands [16, 17]; (3) near-mid-infrared fiber
laser with lanthanide-doped fluorides, sulfides, and oxide ma-
terials as gain medium [18-26].
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In order to achieve dual-wavelength output of 3 um and
2 um, two methods are often used in the laboratory. First, the
laser of these two wavelengths is produced by using two in-
dependent resonator structure, and then couple into a beam by
using an optical fiber integrator. This method requires two
laser oscillator and two pumping sources. The structure is
complicated and the operation is inconvenient which greatly
limit its application in medicine [27]. Second, cascaded oscil-
lator fiber lasers can not only obtain two-band laser output
from the only one resonator, reducing the space volume, but
also achieve large-scale and high-efficiency laser power out-
put [28-31]. In this paper, the cascaded oscillation mode is
used to explore the dual-band erbium-doped fluoride fiber
laser which can be used for further experiment and
application.

Theory analysis
Energy level analysis

Cascade oscillation can deliminate the self-termination effect
of the light source, and the doping concentration of Er’* ion in
the optical fiber is reduced to less than at.1%. The energy level
diagram of the dual-wavelength cascaded Er’*: ZBLAN fiber
laser is shown in Fig. 1 [32]. Er’" ions are stimulated from the
laser high-level 1,35 to the ground state s irradiating a
1.6-pm beam, resulting in the rapid depletion of the ions
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Fig. 1 Energy band diagram of Er**: ZBLAN fiber laser

retained at the 41,5, level which ensures the ion number in-
version between the 41,5 level and the 41,5/, level. Therefore,
the critical pump interval is reduced at 2.8-um wavelength,
promoting the output of 2.8-um beam. What’s more, as for
“I,1» level, ETU, consumes the particles on it and increases
the difficulty of population inversion for 2.8-um laser. The
excitation threshold at a wavelength of 1.6-um. In addition,
ETU, will also reduce the 41,3/, level ion number and further
increase the threshold for 1.6-um beam. In a sentence, the
ETU, process has a negative effect on the ion inversion of
both 1.6-pm and 2.8-pm. On the contrary, the ETU,; process
is beneficial to the excitation of 2.8-pum, but not to the excita-
tion of 1.6-um. For Er**: ZBLAN fiber, the ETU, process has
a long time to play its role, significantly exceeding the ETU1
process. If the negative effect caused by the ETU, process is to
be greatly reduced, the mixing ratio of Er’* ions in cascade
mode should be lowered.

Rate equation

There is more than one mode of quasi-monochromatic during
laser oscillation. Each mode has a certain frequency and cavity
loss. In order to simplify the problem, we only discuss the
number /’s oscillation mode in the laser system.

The derivative equation of the atom’s relative time of each
level is:

dn
7; =mWiz—n3(S3 + Az + S31)
dn 1.1
th =mWi—mWa—na (A2 + S21) + 1353 (1)
n+n+n=n

The photon number in the oscillation cavity is represented
by N;, and the photon lifespan is 7z;. The equation
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representing the change of the number of photons can be writ-
ten as follows:
dN, i N 1

— =mWy—nWip——
dt TRI

(1.2)

Substituting W,; and W, with the stimulated emission
cross sections and the stimulated absorption, the rate equa-
tions can be rewritten as follows:

dn3

=M Wi3—n3(S32 + As))

dn
7; = —<n2_%n1)021 (v, v0)UN =12 (A1 + S21) + 1383
1

n+n+n=n
dN, N
Ttl = (nz—;—?m)az] (v, l/())UN/——l

TRI

(1.3)

where 1; = S53,/(53, + A31), which is the quantum efficiency
of radiation-free transition from E; to E,, 1, = A51/(A51 + S51),
which is the fluorescence efficiency of E5 to £ level, the total
quantum efficiency is 1)z which equals to 7;7,. Therefore, the
rate equation can also be described as:

dn; n3S3;

_— = —

7 nWis 1
di’lz f2 I’lez]
—=—(m2 N~ N
7 (nz flnl 021 (v, v9)uN; " + 1393 (1.4)

n +ny+ny=n

% = <n2—%n1)021 (l/7 V())’UN]_%

In this system, the formation modes of the beams are dif-
ferent. First, the E; level is regarded as a relatively stable level,
the E3 level is an upper level, and the fluorescence is formed
from the E5 to E; level; second, the E; level is regarded as a
beam low level, the £, level is an upper level, and the fluo-
rescence is formed from the E, to E;. The difference in lumi-
nescence mechanism leads to the difference in the excitation
form of the gain material.

Experiment
Experiment setup

The pump source used in the experiment is 976 nm fiber
coupled output semiconductor laser. The reflectivity of di-
chroic mirrors used in the study is higher than 99% in
976 nm, and the transmittance at 3 um and 2 pm is higher
than 98%. The transmittance of the planar cavity mirror near
the pump light is higher than 99%, and the reflectivity is 5% at
3 um, while 42% at 2 pm. The totally reflecting mirror applied
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Fig. 2 The spectra of dichroic
mirrors and planar mirrors
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in the other end is a gold-plated planar mirror. The spectra of
dichroic mirrors and planar mirrors are shown in Fig. 2.

For resonator structure of Er’*: ZBLAN cascaded fiber
laser, we still use the traditional F-P resonator, as shown in
Fig. 3. Pumped light, a high-power LD laser with a center
wavelength of 976 nm, passes through a core fiber with a
diameter of 200 pm and a length of 1 m. Then, a set of colli-
mated focusing lenses with focal length of 100 mm is used to

couple the pumped light into fiber. This lens group has a
transmittance of more than 98% to the pump light. A dichroic
mirror is put 45° incline with laser beam. In this case, a very
small space between the input cross-section of the optical fiber
and the front cavity plane mirror is required to ensure that the
coupling ratio of the pump light is increased as far as possible
without damaging the coating surface of the plane mirror and
the cross-section of the optical fiber. The gold-plated totally
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Fig. 3 Experiment setup of Reflector Er’" fiber
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reflecting mirror closed to the other end of the optical fiber is
used as a component of the resonator to provide optical feed-
back. As the gain of laser oscillation exceeds loss, signal light
will be transmitted from the plane mirror and dichroic mirror.

During the whole experiment, the dichroic mirror and the
plane mirror are both input and output ends. Both ends of the
gain fiber are fixed on a circular rotating bracket to adjust the
angle between the fiber end face and the two resonant cavity
mirrors. The end face is cut vertically. The whole device is run
at room temperature without any active water-cooling device
(Fig. 4).

Results and analysis

Figure 5 shows the variation of output power of the two wave-
lengths with the pump power. It can be seen that the 3-um
laser is generated when pump power is 0.8 W, and the output
power of the 3-um laser rises linearly with the increase of the
pump power. When pump power is 2.8 W, the 2-pum laser
formed, and at this moment, the emission power of 3-um laser
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Fig. 4 Curves of laser output power versus pump power
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is 96.3 mW, the corresponding slope ratio is 4.82%.
Continuously, the output power of the 3- and 2-pum band laser
increases linearly with the increase of pump power up. To be
noticed, the output power of the 3-um laser changes when the
2-um laser is generated. This is because the generation of
2-pum band cascaded signal light reduces the number of Er**
ions in the 3-pum band level very well, and then increases the
output power. When the pump power increases to a maximum
of 5 W, the output power of the 3-um laser and 2-pm laser is
362.4 mW and 108.6 mW respectively. The Slope ratio is
12.1% and 4.94% which is improved significantly compared
with the slope ratio before .

The signal of the 2.8-um laser can be observed from the
output spectra when pumping power reaches 0.8 W, but the
spectral intensity is weak. After continuously increasing the
pump power, the peak value of the laser will gradually in-
crease. When pumping power exceeds 2.8 W, the cascaded
signal of 1.6 um will be generated, while the peak value of the
cascade wavelength is not obvious due to the influence of
noise. When the pump power is increased to the maximum
of 5 W, the spectrum intensity of the two lasers reaches the
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Fig. 5 Output spectrum when pumping power at 5 W
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Fig. 6 Stability of output power at maximum pumping power

maximum. Figure 6 shows the stable output spectrum when
pumping power equals to 5 W (APE Mid infrared spectrom-
eter, wavelength range 1500-6300 nm, resolution 3 nm).

As shown in Fig. 5, the spectral intensity of 2.8 pm is much
higher than that of 1.6 pwm, which is the result of rapid reduc-
tion of the number of ions on the 41,5, level by the emitted
cascade signal light. Meanwhile, two distinct signal beams
appeared near 1.6 pwm, one at about 1550 nm and the other
at about 1610 nm which is dominated over 1550 nm. It is
supposed that if the pump power of the cascaded Er3 +:
ZBLAN fiber laser system is increased again, the oscillation
mode near 1550 nm may be inhibited. When the pump power
equals to 5 W, the central wavelength of 2.8 um laser is
2803 nm and the bandwidth is 4.37 nm. The central wave-
length of 1.6-pum laser is 1610 nm and the bandwidth is
5.42 nm. In addition, because of the energy up-conversion
and stimulated absorption process, bright green light will be
formed after the pumping light is absorbed by the Er** doped
ZBLAN fiber. This phenomenon can help us understand the
transmission of pumped light in the fiber and briefly judge the
pumping efficiency of the pumping light.

Finally, the output stability of these two wavelengths at the
maximum pump power is tested. As shown in Fig. 6, the time
interval is 10 min and the total time is 4 h. From the floating
curve, we can see that the fluctuation rate of the output power
of 2.8 um is 9.7%, and that of the output power of 1.6 um is
2.1%.

Conclusion

A cascaded Er’*: ZBLAN fiber laser system was constructed
in this experiment. The 3-pum and 2-pm dual-band laser out-
put experiments were successfully completed. The stable
dual-wavelength output of 1610 nm and 2803 nm was obtain-
ed. When the pumping power is 5 W, 108.6- and 362.4-mW

laser output were obtained simultaneously. The corresponding
slope efficiencies were 4.94% and 12.1% respectively.
Experiments show that the cascade mode is helpful to reduce
the laser threshold of 2 .8um, thus greatly increasing the out-
put power of 3-um band laser and improving the stability of
the output laser.
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