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ABSTRACT

In the paper we investigate the characteristics of a short-cavity fiber laser based on a new silica fiber with a composite erbium-doped phosphosilicate core without
additional co-doping with ytterbium. For the first time, the operation of such laser in the continuous-wave lasing mode with 1490-nm pump is shown. The laser
operation in the self-Q-switching mode, changing to the continuous-wave mode with increasing the pumping power, is demonstrated.

Introduction

Development of a high-quality narrow-band laser source for the
spectral range of 1.5-1.6 um is of great interest for telecommunications,
metrology, spectroscopy, fiber-optic sensors, scientific and some other
applications. Single-frequency erbium-doped fiber lasers, constructed
either following the classic Fabry-Perot scheme or as distributed feed-
back lasers (DFB) with a cavity length of only a few centimeters and a
spectral bandwidth of less than 10 kHz, have great prospects for the
applications as simple, compact and relible signal or reference sources.
However for most applications the long-term stability of the single-
frequency laser output parameters is required, which implies operation
of the laser in a strictly continuous-wave (CW) operation mode. The
problem of the spontaneous pulsing of erbium-doped fiber lasers is well
known [1-4]. The phenomenon is associated with up-conversion effects
in erbium ion clusters existing in the glass network [4].

To solve the erbium clustering problem, as well as to increase the
pump efficiency of erbium-doped fiber lasers, co-doping of the glass
with ytterbium is often used. This allows reducing the concentration of
erbium (and thus clusterization level) in the fiber core, keeping the
pump efficiency high enough for short-cavity lasers [5,6]. Un-
fortunately, this approach has some inherent drawbacks. Co-doping
with ytterbium ions can cause the amplified spontaneous emission
(ASE), which leads to a significant decrease of the laser efficiency and
to parasitic lasing in the region of 1 pm. [7,8]. Thus, development of
stable and efficient CW single-frequency fiber lasers requires active fi-
bers with high-concentration of non-clustered erbium ions in the core
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with no ytterbium co-doping. This can be done using glass materials
providing better solubility of erbium ions. Phosphate glass or heavily
phosphorus-doped silica glass are known to be the promising materials
to satisfy these requirements [9]. However, the fibers made of these
glass types are difficult to produce and are not well compatible with
standard fibers and telecommunication components. Composite er-
bium-doped fiber, developed recently on the base of heavily phos-
phorus-doped silica glass [10], satisfies most of the aforementioned
requirements. The main aims of this paper were to develop a short-
cavity single-frequency fiber laser (DBR laser) using this composite
fiber as an active medium as well as to study the operation properties of
this laser.

Experiment and results

The cavity of the DBR laser was formed by two Bragg gratings
fabricated directly in the composite single-mode erbium-doped phos-
phosilicate fiber. Spectral and waveguiding characteristics of the fiber
are given in [10]. The key feature of the fiber is the ultra-high phos-
phorus oxide concentration (24 mol%) in the silica based core. This was
achieved with rod-in-tube technique of fiber fabrication where phos-
phate glass rod and silica tube were used as initial components. The
absorption of erbium ions in the fiber at 976 and 1490 nm was
~0.4 dB/cm [10], whereas the peak absorption (at 1535 nm) achieved
1.4 dB/cm. Due to phosphorus in the core, the fiber, being H-loaded,
possesses photosensitivity at 193-nm irradiation sufficient for inscribing
effective Bragg gratings [11]. The fiber was Hy-loaded at a temperature
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Fig. 1. Calculated transmission spectra of the Bragg gratings and the spectrum
of DBR fiber laser cavity (blue line) composed by these gratings (see details in
text).

of 90 °C and a pressure of 12 MPa during 24 h. The Bragg gratings were
then inscribed through a uniform phase mask with a period of 1072 nm
by pulsed 193-nm radiation of the Coherent COMPexPro ArF-excimer
laser with the pulse repetition rate of 10 Hz and the pulse energy
density of 200 mJ/cm?. The configuration of the laser cavity (gratings’
parameters and the distance between them) was chosen based on the
amplifying properties of the active fiber and pumping conditions. At the
ends of a short composite fiber section a highly reflecting (HR) grating
with a length of Lyg = 5 mm and an output partially reflecting (PR)
grating with a length of Lpg = 10 mm were inscribed. The gratings had
reflection coefficients Ryg = 99.8% (~26 dB) and Rpg = 96%
(~14 dB), respectively. The distance between the inner edges of the
gratings was 9 mm. Fig. 1 shows the calculated transmission spectra of
the gratings as well as the spectrum of the cavity composed of them.
The difference in the transmission of the center and side peaks by more
than 10 dB indicates that the resulting DBR laser cavity should support
single frequency lasing.

The prepared DBR composite fiber laser was tested using two single-
mode pumps at 976 and 1490 nm. The pump sources were connected to
the DBR laser through a fiber wavelength division multiplexers (WDM)
according to the backward pumping scheme described in detail else-
where [4,12]. The pump power Pp and the output power of the DBR
laser P, were measured using a JDSU OLP-55 power meter. We used a
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Fig. 3. The laser output power as a function of the pump power for two pump
wavelengths used in the experiments.

high-speed photodetector and a Tektronix DPO4102B oscilloscope with
a maximum bandwidth of 1 GHz to study the temporal characteristics of
the output laser radiation. Fig. 2a shows the lasing spectra measured
using a Yokogawa 6370D optical spectrum analyzer with a resolution of
0.016 nm at 1490-nm pump. The shape of the laser radiation spectrum
(a central narrowband peak) shows that the laser generates in the single
frequency mode near the lasing thresholds. The single-frequency laser
operation was also confirmed with an VitaWave FPI SCC-750 scanning
confocal interferometer with a free-dispersion region of 750 MHz, al-
lowing the longitudinal modes of the laser cavity to be analyzed. With
an increase of the pumping current, two orthogonally polarized radia-
tion modes appear in the spectrum, the spectral distance between them
being 20 pm. The polarization splitting of the laser radiation was ver-
ified and confirmed with the help of Glan prism polarizer, which al-
lowed us to distinguish both polarization states separately. At the
maximum power of our 976-nm pump source only (~480 mW) a
second longitudinal cavity mode was observed in the laser spectrum,
being located approximately 0.08 nm aside of the main emission line.

The bandwidth of the laser radiation was measured by means of the
self-heterodyne scheme illustrated in detail in [13] using a 50 km delay
line. Fig. 2b shows the radio frequency spectrum of the resulting beats,
measured at 40-mW pump power. Having the spectrum and using the
approach described in [14] we estimated the bandwidth of single
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Fig. 2. The emission spectra of the DBR laser at various pump power at the wavelength of 1490 nm (a) and the radio frequency spectrum measured at 40-mW pump

(b).
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Fig. 4. The time dependence of the DBR laser radiation intensity at various pump power at the wavelengths of 976 (a) and 1490 nm (b).

frequency emission of the DBR fiber laser which occurred to be less or
equal to 4 kHz.

Fig. 3 shows the dependences of the laser output power on the pump
power for both pumps we used in the experiments. As seen the lasing
thresholds are approximately equal and amount to about 30-40 mW
pump power. However, the slopes of the curves (laser power efficiency)
depend on the pump wavelength and differ by more than 3.5 times
(0.52% and ~0.14% with pump at 1490 nm and 976 nm, respectively).
Significant difference in the lasing efficiency cannot be explained by the
difference in the pumping wavelengths only, i.e. pump-emission energy
gap. Apparently, the excited state absorption (ESA) of Er®* ions and
related up-conversion processes during pumping at a wavelength of
976 nm can mainly contribute to the difference [15,16].

Fig. 4 shows the time dependence of the DBR laser radiation at
various pump power at wavelengths of 976 nm (Fig. 4a) and 1490 nm
(Fig. 4b). At low pump power the DBR laser operates in a pulse mode,
the pulse repetition rate and pulse duration being uniquely dependent
on the pump power. With the increase of pump power the pulsations in
the output laser emission become less pronounced and finally the laser
emits almost CW radiation. These temporal properties and transitional
behavior of the laser emission correspond well to the theory described
in detail in [4]. Note that the nature of the temporal dependence of the
laser emission is different for different pump wavelengths. At 976-nm
pump with respect to 1490-nm pump the peaks have higher frequency
(see legends of the figure) but lower magnitude and the transition to the
CW regime is less abrupt.

Conclusion

Comparative study of the spectral and temporal characteristics of a
DBR composite-fiber laser emission pumped at two wavelengths 976
and 1490 nm has been carried out. A composite erbium-doped (ytter-
bium-free) phosphosilicate fiber was used as an active fiber medium of
the laser. For the first time the CW emission of a short-cavity DBR er-
bium-doped fiber laser was observed at a wavelength of 1490 nm.
Comparison of the two pumps we used showed that the lasing efficiency
is much higher (~3.5 times) at pump with longer wavelength. In our
opinion the difference can be explained by the effect of up-conversion
processes enhanced at 976-nm wavelength pump. The operation of the
laser in a self-Q-switch mode at low pump power and the gradual
transition to CW mode with the growth of the pump power have been
demonstrated.
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