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Abstract

We present the fabrication and characterization of two high concentration Yb**-Er** co-doped double clad phosphate glass

optical fibers (named A and B for short) manufactured by preform drawing, with the preform being obtained by the rod-in-tube
technique. Optical amplification was demonstrated by core pumping 27 mm of fiber A (7/25/70 ym and NA = 0.17 between
core and inner cladding) with a laser diode at 976 nm, achieving a 10.7 dB internal gain, i.e., 4.0 dB cm” !, for small signal
input at 1535 nm. Amplification was also demonstrated in a cladding-pumped counter propagating configuration using both
fibers A and B (12/48/140 ym and NA = 0.08). A maximum internal gain of 18.5 dB was achieved with 8 cm of fiber B,
corresponding to an amplification of 2.3 dB cm™", for small signal input at 1535 nm.
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1. Introduction

In recent years, the exploitation of short-pulse fiber-based
laser sources has found numerous applications in industrial
and scientific fields. The fiber format offers compactness, high

beam quality through a single-mode regime and efficient
thermal management, leading to high laser reliability and

stability. However, nonlinear optical effects due to the com-
bination of high optical intensity in the single-mode fiber and
long fiber amplifier length tend to impair considerably the
temporal pulse properties and therefore prevents the

achievement of high peak power in fiber-based pulsed laser
sources [1].

Recently, tremendous efforts focused on well advanced

silica glass fiber technology have been engaged for devel-

oping new types of fiber able to overcome the previously
mentioned limitations. Different strategies have been imple-

mented. Of particular note are large mode area fiber [2, 3] and

rod type fiber [4] whereby microstructured waveguide geo-
metries have allowed us to achieve very low numerical

aperture (NA) and thus to increase the core dimension while
maintaining single-mode behavior and high beam quality. An
additional advantage of this strategy is that it allows us to

reduce the necessary fiber length. Also, a more subtle
approach has been developed based on photonic bandgap fiber
design [5].

In spite of these technological advancements, further
improvements are still required. At the root of this technical
bottleneck lies the low rare-earth (RE) ion doping con-
centration achievable in silica glass.

In recent years, phosphate glasses have attracted
increasing interest as host media for RE-doped optical fibers.
In fact, this glass system enables high concentration of RE ions
(up to 10%' ions/cm®) to be dissolved in the glass matrix
without clustering, thanks to the presence of phosphorus,
which introduces nonbridging oxygens in the structure, thus
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resulting in an open, chain-like structure, compared to the
random network of silicate glasses [6]. This allows the fab-
rication of compact active devices with high gain per unit
length based on phosphate glasses [6]. Moreover this glass
system possesses a large glass formation region, good ther-
momechanical and chemical properties, low nonlinear
refractive index and no evidence of photodarkening even at
high population inversion [8, 9].

Phosphate glass is recognized as an ideal host for an Yb?
*_Er’* co-doped system because of its high emission cross-
section, low back energy transfer rate and low accu-mulative
energy transfer rates [10]. In addition, the energy transfer
efficiency from Yb>* to Er’* in phosphate glasses can be as
high as 95% due to the large spectral overlap between the Yb?
* emission spectrum (°Fs;, — 2F;5) and Er’* absorp-tion
spectrum (*I;s; = *1y12) [11].

Yb**-Er** phosphate glass fibers have been used to realize
erbium-doped fiber amplifiers (EDFA) [12, 13] and compact

narrow  line-width  fiber lasers [14-17] for tele-
communications, interferometers and sensing instruments.

Attempts to combine the RE high solubility of phosphate

glass and the ruggedness of silica fibers were made through the

fabrication of phosphosilicate fibers, in which the incor-
poration of phosphorus in the glass matrix results in a more

open structure that accounts for the higher solubility of
dopants than in silica [18].
Nevertheless, it is most likely in the field of high energy,

high average and peak power fiber optical amplification in
which phosphate glasses can be a key enabler for a variety of

optical devices. Indeed, they are an ideal medium for engi-
neering the second stage of a master oscillator power ampli-

fier (MOPA) fiber laser, thanks to their ability to maximize
energy extraction and minimize the nonlinearities [19, 20]. It is

worth noting that phosphate glass fibers can be also spliced to
silica-based components with low loss and high strength,

enabling the realization of a monolithic all-fiber MOPA
system.

Recently phosphates have been also proposed as high-
efficiency media for the realization of a novel monolithic fiber
chirped pulse amplification system for high-energy femtose-
cond pulse generation [21].

Such potential applications have driven significant effort
in the research activity of the proper host material composi-
tion, the optimum ratio of Yb>*/Er’* ions doping concentra-
tion, the suitable optical fiber geometry and the most
appropriate preform and fiber fabrication technique. None-
theless, further investigations and optimizations will broaden
the opportunity for exploitation and new application fields.

In this paper we report on the fabrication and char-
acterization of Yb>*-Er’* co-doped double cladding (DC)
phosphate glass optical fibers with reduced first cladding
dimension for improving the pump absorption over a short
length of fiber. To this end, several glass compositions were
engineered, offering NA of 0.4 between the first and second
cladding and NA as low as 0.08 between the core and the first
cladding. As a preliminary assessment, we also report on the

amplification operation of the fabricated fibers in the con-
tinuous wavelength regime.

2. Experimental

2.1. Fiber fabrication and characterization

A phosphate host glass (P,05s—Li,O—Al,0;—BaO—MgO
—La,03) was ad hoc developed for this research in order to
have a stable and robust glass able to incorporate a high
amount of RE and that was suitable for fiber drawing. Based
on this glass composition, three different glasses (core, inner
cladding and outer cladding) were synthesized and char-
acterized with the aim of fabricating Yb>*-Er** co-doped DC
optical fibers. These glasses were designed in order to obtain
the suitable refractive index contrast and therefore the desired
NA between the core and inner cladding and between the
inner cladding and outer cladding. In particular, the decrease
of the refractive index in the two claddings was obtained by
progressively increasing the amount of Li,O and MgO, while
decreasing BaO and La,0O5 content.

The chemicals were weighted and mixed inside a glove
box under dried air atmosphere, then transferred into an
alumina crucible for melting in a furnace at 1400 °C. A mix of
0,/N, gases was purged into the furnace during melting in
order to minimize the hydroxyl ions (OH") content. The melt
was then cast into a brass mold preheated at T,-10°C and
annealed at the same temperature for 10 h. The core glass was
doped with 2.79 wt% of Er,O3 (1.08 mol%, 2.9 -10*° ions/
cm®) and 2.87 wt% of Yb,O5 (1.08 mol%, 2.9-10%° ions/
cm?). The RE ions concentrations were calculated from their
initial compositions and measured sample densities, obtained
by the Archimedes method using distilled water as an

immersion fluid.

The fibers realized for this research were manufactured
by preform drawing, with the preforms being obtained by the

rod-in-tube technique. The fabrication of each preform
required one rod of core glass fabricated by melt quenching
and two cladding tubes shaped by rotational casting (at a
rotation speed of 3000rpm) using in-house—developed
equipment. This process, initially developed for fluoride glass
preform fabrication, was recently used by our research group
on phosphate glasses: it proved to be a fast and reliable
method for making tubes with an internal surface roughness
rms value of 10 nm.

Figure 1 provides a schematic representation of the steps

that were required in order to obtain the final DC preform that
was used in the drawing process. The first step was the

stretching of the core rod by cane drawing in order to fit
inside the inner cladding tube. Both components were then

combined to form an intermediate preform. The obtained
core/inner cladding structure was finally stretched and placed
in the outer cladding tube.

Fiber drawing was then carried out using a drawing tower
developed in house. The furnace consists of a graphite ring
heated by induction operating at 248 kHz and delivering
170 W to reach the drawing temperature (SAET, Torino,
Italy).

The preform and fiber fabrication parameters were set to
generate a DC fiber with the desired diameters. In particular,
for this research two different DC optical fibers were
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Figure 1. Schematic representation of main steps used for DC
preform fabrication by rod-in-tube technique.

produced: fiber A with small dimensions and high NA
between the core and inner cladding, and fiber B with
opposite characteristics. Specifically, fiber A showed dia-
meters of 7 ym, 25 ym and 70 um for the core, inner and outer
cladding, respectively, with an NA between the core and inner
cladding of 0.17. Fiber B, instead, showed diameters of
12 ym, 48 ym and 140 ym for the core, inner and outer
cladding, respectively, with an NA between the core and inner
cladding of 0.08. Estimated error on fiber diameters was +2%.

The quality and morphology of the fabricated optical
fibers were inspected by means of a Nikon ECLIPSE E 50i
optical microscope. Fibers losses were measured by the cut-
back technique using a length of about 300 cm with a single-
mode fiber pigtailed laser diode source at 1300 nm. The laser
was butt-coupled to one of the active fiber ends. The
attenuation value was calculated through linear least square
fitting of the experimental data.

The fibers’ modal properties were investigated by taking
a set of near-field images of the fiber cross-section, on a
280 cm-long fiber piece, at the wavelength of 1300 nm, using
a butt-coupled fiber pigtailed laser diode source.

2.2. Core-pumped amplifier evaluation setup

Figure 2 shows the experimental setup employed for optical
amplification measurement on 27 mm-long piece of active
fiber A (7/25/70 ym) in core-pumped scheme. The optical
pump at 976 nm was provided by a single-mode laser diode
(1999CHP, 3SGroup) with a maximum power of around
500 mW. The optical signal ranging from 1500 to 1600 nm,
with output power levels from —30 dBm up to +5 dBm, was
obtained from a tunable laser (HP8168F). Both signal and
pump were sent to the inputs of a Wavelength Division
Multiplexer (WDM9890-250-A-1, Go4fiber), while the out-
put was butt-coupled to the active fiber. The amplified signal
was then collected by a fiber pigtail and sent to the entrance of
an optical spectrum analyzer (Agilent 96140B).

In order to prevent any spurious laser emission, all
measurements performed in this configuration were carried
out using refractive index matching gel applied at both ends
of the phosphate glass fiber. The gel improved also the cou-
pling efficiency between butt-coupled fibers and contributed

Tunable Laser
1480-1590 nm
HP-8168F

N7 HI1060 fiber

D976 nm

HP1060 fiber

Butt-coupling

A

Computer
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Figure 2. Experimental setup employed for the Yb**-Er** fiber
amplifier characterization in a core-pumped configuration.

to the mechanical stability of the measurement by maintaining
the fibers’ correct alignment.

2.3. Cladding-pumped amplifier evaluation setup

Figure 3 depicts the schematic of the workbench used for the
optical amplification measurement of an 8 cm-long active
fiber B (12/48/140 ym) and 12 cm-long fiber A (7/25/70 ym)
in a cladding-pumped scheme. A counter-propagating
arrangement was employed because it provided faster align-
ment times (independent alignment of pump and signal) and
allowed an easier assessment of the injected signal value.

The pump laser was a JDSU-63-00352-20/AKU944
(10 W, 100 pm). In order to have a precise tuning of the laser
emission at the Yb>* ion peak absorption (4=976nm), a
Peltier module and a thermistor were employed to form a
closed-loop temperature control of the laser. The laser beam
was elliptical, having two different divergences (35° for the
fast axis and 10° in the slow axis) as a result of the laser’s
rectangular aperture. A cylindrical lens was placed at the
output of the laser to reduce the divergence of the laser beam
in one direction, thus resulting in a circular beam.

The pump laser beam was first focused and collimated by
lens #1 (EdmundOptics #45-768 with NA=0.1, =60 mm,
@=12mm). The formed beam passed then through a beam
shifter (3 mm transparent glass) that pre-compensates the
axial displacement produced by the presence of the dichroic
mirror. The pump beam became therefore centered and ready
to be focused by lens #2 (EdmundOptics #65-436 with
NA=0.4, f=15mm, ¢ =12 mm) into a small spot at point Q
(working point). Both lenses provided a magnification ratio
1:4 to reduce the laser mode (100 um) to the fiber cladding
one (25 yum).

A tunable laser (Phonetics TUNICS) provided the signal
power that was injected into the active fiber through a WDM
combiner, which acted as an isolator to protect the tuning
laser. The amplified signal was directly retrieved by using the
integrating sphere at point F, as reported in figure 3. A filter
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Figure 3. Experimental setup used for the Yb>*-Er** fiber amplifier characterization in cladding-pumped configuration. Enclosed circled
letters indicate measurement points used for the alignment and characterization of the setup. The two different paths followed by the pump

and signal beams are shown in blue and red, respectively.

Figure 4. Transversal section of fibers A and B. (a) Fiber A: @, =7 pm, Pinner clad =25 M, DPoyier clad = 70 um, NA e =0.17, Nijaq =0.44. (b)
Fiber B: @ o =12 um, Dipper clag =48 um, Poyier clag = 140 ppm, NA 4 =0.08, Njoq=0.4.

(Thorlabs FEL 1100) was inserted to avoid false readings due
to the residual pump power.

3. Results and discussion

3.1. Fiber characterization

Optical micrographs of fibers A and B sections are shown in
figure 4, where the triple glass structure, featuring the Yb-Er
doped glass core in the center, is clearly evident.

The near-field images of manufactured active fibers were
measured at 1300 nm in order to evaluate the guiding prop-
erties of the fibers. The light beam was well confined inside the

active area of the fiber, and only a negligible diffused area was
observed inside the inner cladding.

Fiber losses were measured using a cut-back technique as
explained in section 2.1. The obtained attenuation coefficients

were 7.1£0.1dBm™" and 4.1+0.1dBm™" for fibers A and
B, respectively. Losses are mainly due to absorption and

scattering effects, in particular at the interface between the

core and first cladding. This could also explain why fiber A
presents higher losses than fiber B, although the material and
the fabrication process are essentially the same. In fiber A,
due to the smaller core, the signal mode penetrates more into
the first clad, and therefore its propagation is much more
affected by the presence of absorption and scattering centers
at the interface.

3.2. Core-pumped amplifier demonstration

Optical amplification in a core-pumped configuration was
demonstrated using 27 + 2 mm of fiber type A, with the setup
depicted in figure 2.

Net gain was achieved for signal wavelength ranging
from 1527nm up to 1549nm and signal powers from
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Figure 5. Amplified spontaneous emission (ASE) of 8 cm of fiber
type B, when pumped at 976 nm.

—30dBm up to 0 dBm. Considering internal gain rather than
net gain, the wavelengths for which the fiber effectively acted
as an amplifier ranged from 1515 nm up to about 1575 nm.
A maximum internal gain of 10.7 + 0.7 dB was obtained
with the minimum input signal (=30 dBm) and a 479 mW
pump power. This leads to an internal gain per unit length of
4.0 £0.1 dB cm™, a value that is higher than values reported
in [22, 23] and comparable to the values reported in [24, 25]
(4.2dBem ™ and 5.2dB em™).
Detailed description and discussion of gain measurement

results in core-pumped configuration can be found in [26].
The intense visible green emission arising from the fiber

during measurements suggested that the pumping efficiency
was limited by an upconversion mechanism. The green

luminescence was shown to increase with increasing pump
power.

The spectral quality of the green luminescence was
analyzed using an OceanOptics USB2000+ spectrometer. The

light coming from the amplifier’s output (in the absence of
input signal) was collimated using an X40 microscope. A

shortpass filter FES750 was used to eliminate possible resi-
dual pump.

Although the luminescence looks green, the analysis
showed some amount of red content. The green peaks bar-
ycenter wavelengths (530 nm and 550 nm) match the corre-
sponding emission wavelengths of the Er’* energy levels
2H 172, and 4S3,2, while the red peak (670 nm) is in agreement
with the "Fo/; one [27]. The population of these upper exci-
tation levels is due to concentration quenching of Er’* ions in
glass that is believed to be dominated by cooperative up-
conversion processes [28].

3.3. Cladding-pumped amplifier demonstration

At first, optical amplification in the counter-propagating
cladding-pumped configuration was demonstrated using 8.0 +
0.2 cm of fiber type B, with the setup depicted in figure 3.

Internal gain [dB]

o T N T r T 1 T i T h T i T i T i T

1520 1530 1540 1550 1560 1570 1580 1590 1600
Wavelength [nm]

Figure 6. Internal gain spectra of the cladding-pumped amplifier

realized with fiber B. Measurements were collected for five different
signal input powers of 0.1 mW, 0.25 mW, 0.5 mW, 1 mW e 1.5 mW

at wavelengths ranging from 1520 nm to 1600 nm. Injected pump
power was estimated to be 1640 mW at 976 nm.

Amplified spontaneous emission (ASE) of the fiber, when
pumped at 976 nm, is reported in figure 5.
The amplified signal (available at working point F) was

measured for five different signal input powers of 0.1, 0.25,
0.5, 1 and 1.5 mW at wavelengths ranging from 1520 nm to

1600 nm. These measurements allowed computing the inter-
nal gain, i.e., the amplifier gain between point Q and T; the
obtained results are reported in figure 6.

The amplifier reached a maximum signal output power of
48.9 mW for an injected input signal of 1.3 mW and 1640 mW

pump power.

The maximum gain of 18.5 + 0.7 dB was reached for an
input signal of 0.1 mW, resulting in a gain per length of 2.3 +
0.1 dB cm™, a value that is comparable to the one reported in
[29].

The internal gain as a function of pump power was not

measurable, since the laser current could not be modified more
than 0.7 A without being out of the peak wavelength (976 nm).

The amplifier was rotated 180° (end-facets were inverted)
and similar behavior was observed.

A length of 8.0 = 0.2 cm of fiber A (small fiber type) was
tested for amplification using the counter-propagating clad-

ding-pumped setup depicted in figure 3. It provided the highest
output power (105 mW) but operated as a laser. It is believed

that this was the result of having a high gain value combined
with a random cleaving condition that led to the formation of a
resonance cavity. It can be calculated that a round-trip gain of
27 dB is required in order to surpass the losses produced by

Fresnel reflection at each amplifier fiber end combined with

the amplifier losses (0.4 dB for a 10 cm length). This supposes
a 14 dB single-pass gain, which is a value that has already

been observed in other amplifiers.
In order to avoid the lasing condition by introducing some

losses, a longer length of fiber A was tested in the counter-
propagating cladding-pumped setup. Optical



amplification was demonstrated using 12 cm of fiber A. This
amplifier reached a maximum gain of 17.8 0.7 dB, provid-
ing the highest recorded signal output power of 78.7 mW
using an injected input signal of 1.3 mW, which was the
highest available. The efficiency of this amplifier was 4.8%,
considering that the injected pump power was 1640 mW. The

gain per unit length was 1.5+0.1 dB cm™.

4. Conclusion

Two high concentration Yb-Er co-doped DC optical
fibers (named A and B for short), based on in-house—devel-
oped phosphate glasses, were successfully drawn and char-
acterized with the aim of engineering compact fiber optical
amplifiers.

Fiber A (7/25/70 yum; NA=0.17) was evaluated in a
core-pumped condition using a commercial WDM combiner.
A maximum 4.0+0.1dBcm™ gain per unit length was
obtained for a -30dBm signal at 1535 nm and 479.8 mW
pump power. Both fibers A and B were used to demonstrate
optical amplification in a counter-propagating cladding-
pumped configuration. Using 8 cm of fiber B (12/48/140 ym
and NA=0.08), a maximum internal gain of 18.5+0.7 dB
was reached, for small signal input at 1535 nm, resulting in a
gain per length of 2.3+0.1 dBcm™.

This preliminary study showed that the developed high
dopant concentration phosphate glass fibers offer the potential
for high gain per length coefficients, allowing the realization
of compact active devices. In particular, these phosphate-
based fibers can be employed for the realization of pulsed
fiber amplifiers for a MOPA system that maximizes energy
extraction and minimizes nonlinear effects, thanks to the short
length of interaction. Furthermore, phosphate glass fibers can
be also spliced to silica-based components with low loss and
high strength, enabling the realization of a monolithic all-fiber
MOPA system with true potential for out-of-the lab
exploitation.

In order to improve fiber amplification, future efforts will
be devoted to the enhancement of the glass composition (in
order to eliminate detrimental effects such as up-conversion,
OH™ groups inclusions, etc), optimization of the ratio of
Yb**/Er’* ions doping concentration and improvement of
fiber manufacturing technique (reducing contaminations and
enhancing sharpness at the glass interfaces).
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