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Using a heavily erbium-doped aluminosilicate fiber prepared by the sol-gel method combined with high temper-
ature sintering, the temperature dependence of the spectrum around the 1.55 nm band and single-mode fiber
laser properties were investigated, respectively. The absorption cross section increases 29.2% at ~1558 nm
with the temperature increasing from 20°C to 140°C, while the emission cross section slightly increases
4.3%. In addition, the laser slope of the heavily erbium-doped aluminosilicate fiber at 1558 nm decreases
4.4% from 10.8% to 6.4% with the temperature increasing from 18°C to 440°C. Meanwhile, an experiment lasting
3 h proves that the fiber laser has excellent stability below 440°C.
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Erbium-doped fiber lasers (EDFLs) and erbium-doped
fiber amplifiers (EDFAs) have been widely used in super-
continuum sources, remote sensing, and light detection
and ranging (LIDAR)%?. High peak power and pulse en-
ergy are required for many applications, such as coherent
Doppler LIDAR, for long range wind sensing2¥. In the
condition of high pumped power, heat is generated into
the active medium (fiber core) because of a quantum
defect between the pump and laser photonsZ. In spite of
the large dissipation power of fibers, the fiber core temper-
ature can reach several hundred degrees of centigrade, as
well as the thermal effects starting to be significant in fiber
lasers®. Thus, the performance of erbium-doped fibers
(EDFs) under high power pumping becomes one of the
research focuses. On the one hand, several amazing ap-
proaches are applied to meet the requirements of high
output power of EDFLs. First, by energy transferring
from Yb¥" (*F;/5) to Er**(‘I;;5), Er*t/Yb** co-doped
fibers can achieve high power near 1.55 pm due to the
high absorption cross section of Yb** at 976 nm®Y, How-
ever, the parasitic Yb?" lasing at ~1 pm with a high ther-
mal load under high power pumping is detrimental for
power scaling or high gain®™¥. Then, another approach
that uses Yb3*-free heavily EDFs can avoid the parasitic
fluorescence of Yb3+t XL which can also reduce the fiber
length effectively and the nonlinear effects due to high
power. On the other hand, some reports have confirmed
that optical gain of EDFs changes with high tempera-
ture, which is attributed to the high temperature
dependence of the rare earth (RE) ion properties. Mean-
while, theoretical algorithms and numerical simulations
are applied frequently to predict and optimize the perfor-
mance of EDFLs or EDFAs. However, an increasing
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error between simulations and experiments occurs due
to the lack of the representability of the spectroscopic
parameters used in these numerical simulations®™<,
Therefore, an increasing requirement of parameters of
the spectrum and laser occurs in these simulations.

In this work, we studied the temperature dependence
of absorption/emission cross sections of heavily Er-doped
aluminosilicate glass ranging from 20°C to 140°C. Using
the Yb**-free heavily Er*t /AI** co-doped fiber (EADF),
we investigated the experimental evolution of laser prop-
erties with temperatures ranging from 20°C to 440°C.
Finally, the stability of output power of the fiber laser
was experimentally investigated at high temperature.

Figure 1 shows the energy level diagram of Er?* in
aluminosilicate®2!. The upper energy level I3/, and
ground energy level ‘5 /2 split into seven sublevels and
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Fig. 1. Diagram of Stark splitting of 4113/2 and 411;)/2 of Er** in
aluminosilicate glass.
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eight sublevels, respectively, due to Er®™ — Er3* interac-
tion with the surrounding host.

A high concentration of Er’" easily forms clusters in
the preparation process of Er*t-doped fiber, which will
seriously affect the laser performanceZZ. The insertion
of AI’T ions is beneficial to homogenize the distribution
of Er®t ions in aluminosilicate glassZ. In this work, the
Er/Al co-doped core glass (with an Er/Al ratio of ~10)
was prepared by the sol-gel method combined with high
temperature sintering. Finally, a silica preform was pre-
pared by the rod-in-tube method, and a double cladding
Er®* /AI** co-doped silica fiber was drawn. The core
and inner cladding diameters are 8 pm and 100 pm, re-
spectively. The numerical aperture (NA) is ~0.15. Mean-
while, the distribution of Er®* ions in core glass turns
out to be homogenous, and the clusters of Er’™ were
well suppressed?. The concentration of Er’* reaches
1.19 x 10?° ions/cm?, measured by inductively coupled
plasma optical emission spectrometry (ICP-OES).

An obvious self-absorption near the zero phonon line
(~1528 nm) can occur due to high concentrations of
Er3t, which can reduce fluorescence lifetime between
4115/2 and 4113/2@]. In this work, a treatment is used to
avoid the effect of self-absorption by using a 0.5-mm-thick
slice cut from the core glass and polished for all spectro-
scopic measurements. The fluorescence lifetime of the
sample at different temperatures is measured by the
time-resolved spectrometer (Edinburgh Instruments,
FLS920) pumped with a pulsed 980 nm diode laser.
The slice was pressed against a copper plate and heated
by heat conduction from 20°C to 140°C with 40°C
steps (10 min stabilization time).

The temperature dependence of the fluorescence life-
time of 14 /2 is shown in Fig. 2. The fluorescence lifetime
decreases 0.42 ms gradually as temperature increases.
Fluorescence lifetime is a quantity in which all of the
possible de-excitation processes are reflected, being
strongly sensitive to the radiation trapping effects (known
as self-absorption) and amplified spontaneous emission
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Fig. 2. Evolution of fluorescence lifetime of energy level *I;4 /2
with temperature in Er**:aluminosilicate glass.

(ASE)2Y. Self-absorption and ASE can be neglected by
using a thin sample. Thus, the de-excitation process of the
upper energy level 41, /2 to ground energy level i /2 can
be reflected by the fluorescence lifetime approximately.
The de-excitation process of the upper energy level
T4 /2 includes radiative transition and phonon-assisted
transition (nonradiative transition). It can be considered
that the radiation transition is almost irrespective of
temperature due to the energy gap (6540 cm™!) that is
much larger than kiloteslas (kT) (~500 cm™!). Therefore,
the decreases of fluorescence lifetime can lead to the
intensifying of nonradiative transition. This result indi-
cates that the nonradiative transition process with
phonon assistance is more significant with the increase
of temperature.

Temperature can affect the occupation distribution
of the involved Stark levels and the transition probability
of the stimulated ions, which can exhibit spectroscopi-
cally as a change of the absorption and emission cross
section with temperature. The absorption spectrum was
measured by a Lambda 950 UV-visible-near-IR (UV-
VIS-NIR) spectrophotometer. Similarly, the thin sample
was heated by a perforated copper block, which can
allow the pump light to pass through. The absorption
cross sections 6,(4, T) of Er** can be calculated by
Lambert—Beer’s law'Z:

ln[I ()*7 T)/Iaut(lv T)}
B E— .

6,4, T) =

where N ;,, is the concentration of Er®* in the sample, and
[ is the thickness of the sample. The reference intensity
Iy(4, T) and the transmitted intensity I,,,(4, T) are mea-
sured with the white light beam. Considering the Fresnel
reflection on the surface of the sample, they are both nor-
malized in the regions from 850 nm to 900 nm and from
1650 nm to 1700 nm, where absorption can be ignored.

Figure 3 shows the absorption cross sections in
Er3*:aluminosilicate glass at different temperatures. The
absorption cross sections near the zero phonon line de-
crease 13.3% from 0.525 x 10720 cm? to 0.47 x 1072 ¢cm?,
as temperature increases from 20°C to 140°C. In addition,
the absorption cross sections at two general pump wave-
lengths (~980 nm and ~1480 nm) also decrease signifi-
cantly to 12.2% and 14%, respectively. It is worth
noticing that the absorption cross section at 1558 nm in-
creases 29.2%, which leads to more serious self-absorption
near 1560 nm in Er3* doped optical fiber at higher
temperatures.

The McCumber theory has proven to be an available
way to obtain the emission cross section from absorption
cross section at different temperatures?. We can obtain
the emission cross section 6,(1, T) of Er** by using the
following relation®2J:

6,(A, T) = 6,(A T) exp (—6 — he/ ’1),

o7 (2)
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Fig. 3. Absorption cross sections in Er3*:aluminosilicate glass at
different temperatures.

where h, k, and ¢ are the Planck constant, Boltzmann
constant, and light speed in vacuum, respectively, and
64,(4, T) is the absorption cross section at temperature
T. The temperature-dependent excitation energy e at

temperature T can be calculated from the expression?

1= apy i [L DA

1 —+ 27»:2 eXp(*AElt/kT)

where AF) is the separation between the lowest sublevel
of each manifold, and AE,; (AEy;) is the energy difference
between the ith (jth) sublevel and the lowest sublevel in
the upper (lower) manifold.

Figure 4 shows the emission cross sections of Er**-
doped aluminosilicate glass versus temperature, which
can be calculated from Eq. (2). With the increase of tem-
perature from 20°C to 140°C, it can be found that the
emission cross section slightly decreases 4.3% at 1528 nm,
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Fig. 4. Emission cross sections in Er’*:aluminosilicate glass at
different temperatures.

while the emission cross section slightly increases 12.5%
at 1558 nm.

The change of the absorption cross section and emission
cross section with temperature can be attributed to the
change of the population of distribution on Stark sublevels
with temperature. In thermal equilibrium disturbance,
the population of Stark sublevels of Er ions follows
Boltzmann’s law:

exp(—E;/kT)
Y iexp(—E;/kT)’

where N, is the number of particles of the 7th sublevel in
the manifold, and N is the total number of particles in the
manifold. F; is the energy of ith sublevel in each manifold
at temperature 7T, and k is the Boltzmann constant.
Figure 5 shows the normalized particle population of some
sublevels in Fig. 1 as a function of temperature. In Fig. 1,
the narrow 1528 nm absorption line corresponds to the
transition from sublevel a to i. The ~1480 nm absorption
band corresponds to the transition from sublevels a to n
and m, while the ~1558 nm absorption band corresponds
to the transition from sublevel m to g. As shown in Fig. 5,
with the increase of temperature, the particle population
of sublevel a in 15 /2 decreases, which leads to the de-
creasing of the absorption cross section at 1528 nm and
1480 nm. However, an increasing of sublevel g leads to
the increasing of the absorption cross section at 1558 nm.
Similar to the absorption cross section, the population
decrease of the lowest sublevel i in the *I;5 /2 leads to a
decreasing of the emission cross section at 1528 nm.
Inversely, higher sublevels m and n have larger popula-
tions with the increase of temperature, which leads to
the increasing of the emission cross section at 1558 nm
and 1480 nm.

An all-fiber laser cavity was built with a heating device,
as shown in Fig. 6. Two fiber Bragg gratings (FBGs) with
a peak reflection wavelength at 1558 nm were used.
The reflection coefficients of FBGs are 49% and 99%,
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Fig. 5. Evolution of normalized population of Stark sublevels in
manifolds 4113/2 and 4115/2 with temperature.
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Fig. 6. Schematic diagram of all-fiber experiment setup.

respectively. Meanwhile, two FBGs were placed outside
the heating tube due to the temperature sensitivity of
the FBG, such as reflectivity and wavelength?2. The
EADF was fused to a single-mode fiber (SMF-28) and core
pumped by a single-mode laser diode (LD) operating at
975 nm. An angled physical contact/fiber patch cord
(APC/FPCQC) port was connected to photosensitive optical
power meter (PM, Thorlabs S401C). An 8.7-cm-long
double cladding EADF was placed into the middle part
of the heating tube, which has a uniform distribution of
temperature.

As shown in Fig. 7, the laser output power versus pump
power was measured, ranging from 18°C to 440°C with
70°C steps. It can be seen that the output power decreases
54% from 14 mW to 6.5 mW with 180 mW pump power.
From the evolution of absorption cross sections ranging
from 920 nm to 1030 nm in Fig. 3, absorption cross sec-
tions at 976 nm decreased from 0.226 x 1072° em? to
0.198 x 107%" cm? with the temperature increasing from
20°C to 140°C. Thus, the absorption coefficient of the
EADF at the pump wavelength decreased 3.4 m~! from
26.9 m~' to 23.5m!, according to the relationship
between the absorption cross section 6,(4, T') and the
absorption coefficient 6(4, T'),

5(2'7 T) = Npg, X Ga(lv T)v (5)
where N, is the concentration of Er3* in the optical fiber.

The absorbed pump power of fiber with a fixed length
decreases with the increase of temperature. Then, the
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Fig. 7. Measured output power versus different temperatures.
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Fig. 8. Temperature dependence of slope efficiency and laser
threshold.

output laser power and the slope efficiency decrease when
the fiber temperature increases. The decreasing of the out-
put power means a decreasing of slope efficiency with the
same pump power. The slope efficiency decreases 4.4%
from 10.8% to 6.4%, as shown in Fig. 8.

In order to deeply analyze the effect of temperature on
EADF, the evolution of the threshold of pump power
with temperature is depicted in Fig. 8. As the temperature
increases from 20°C to 440 °C, the threshold pump power
increases 60% from 48 mW to 77 mW. The threshold
pump power of the fiber laser is the result of the balance
of signal light gain and loss in the resonator cavity.
With the increase of temperature, the gain decreases
approximately linearly in spite of the increasing in the
emission cross section. According to Eq. (5), the loss co-
efficient of EADF increases from 20.63 m~' to 26.45 m™!
due to the increasing of the absorption cross section at
1558 nm. The gain of signal light increases with 975 nm
pump power before the gain reaches saturation. A steady
resonator cavity needs an increasing pump power, which
results in an increasing threshold pump power with in-
creasing temperature. Indeed the energy level lifetime of
5 /2 decreased sharply with an increasing temperature.
The phonon-assisted nonradiative relaxation intensifies
in the resonator cavity, resulting in the decreasing number
of inverted particles between *Ij55 and *Ij35. A suffi-
ciently large number of inverted particles can only be
formed by pumping particles faster from ground level
1,59 to the upper level *Iy 5, which results in an increase
of threshold pump power.

The stability of laser output power under high temper-
ature conditions is very important in laser applications. In
order to investigate the stability of the fiber laser at high
temperatures, the EADF was heated at different given
temperatures, and the output laser power was recorded
ceaselessly. The temperature curve was set to a ladder,
as shown in Fig. 9. It can be seen that the output power
of the laser has excellent stability, especially under the
condition of 440°C in 3 h, where the output power fluctu-
ates within 1.03%.
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Fig. 9. Evolution of output power and temperature with heating
time.

In conclusion, a heavily Er3* /A>T co-doped aluminosil-
icate glass fiber was prepared. The temperature depend-
ences of the absorption cross sections, emission cross
sections, and fluorescence lifetime are investigated. As
temperature increases from 20°C to 140°C, the absorption
section of Er** decreases 13.4% at 1528 nm and increases
29.3% at 1558 nm. Meanwhile, the emission section de-
creases by 4.3% at 1528 nm and 12.5% at 1558 nm, respec-
tively. Then, the temperature dependence of laser output
power (pumped at 975 nm and lased at 1558 nm) was mea-
sured, ranging from 20°C to 440°C through a 8.7-cm-long
EADF. The laser output power reduces 50% from 13 mW
to 6.5 mW with 180 mW pump power due to the decrease
of the absorption cross section near the pump wavelength.
Meanwhile, the laser efficiency decreases 4.4%, from 10.8%
to 6.4%. The threshold pump power increases 60% due
to the decreasing fluorescence lifetime at ~1558 nm. The
stability of the laser output power at different high tem-
peratures is also studied, and the laser output shows a
high stability at our experimental temperature.
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