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Abstract: A short Bi doped fiber laser operating in the wavelength region
of 1160-1179 nm has been demonstrated. The influence of unsaturable loss
on laser performance is investigated. Excited state absorption in Bi doped
germano-alumino silicate fiber is reported in the 900-1300 nm wavelength
range under 800 and 1047 nm pumping. Bi luminescence and fluorescence
decay properties under different pumping wavelengths are also investigated.
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1. Introduction

With the increased amount of data transfer in telecommunication systems, there is a growing
interest in finding efficient laser sources or amplifiers in the wavelength region of 1100 —
1500 nm, in order to extend the usable spectral range to the second telecommunication
window, which is aso the zero dispersion wavelength region of silica fiber. Moreover, the
availability of efficient lasers in this wavelength region will allow for the creation of efficient
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visible lasers, in particular yellow light sources, by frequency doubling, which is promising
for dermatological and astronomical applications[1, 2].

In recent years, a novel luminescent material based on Bi doped silica glassin the 1.3 um
wavelength region has gathered a lot of attention [3-6]. The active centre responsible for the
origin of this near infrared luminescence is still unclear and has been assigned to Bi** [3], Bi*
[5] or even Bi clusters [6]. Subsequently, the first fabrication and realization of Bi doped fiber
laser (BiDFL) action in the range of 1.15 — 1.21 um was reported, when pumped at 1.06 um
[7]. An increase in the efficiency up to 22%, in the high pump power region, was also
reported; however an 80 m long fiber was required for the laser experiments due to its low
pump absorption of 0.3 dB/m [8]. Another experiment on a BiDFL, which utilized a similarly
low Bi concentration fiber, also used an 80 m long Bi doped fiber (BiDF) [9]. Up to date, the
maximum laser efficiency achieved is 32%, when water cooled (20°C), using 55 m long fiber
[10]. For reasons such as background loss and nonlinearities, shorter fibers are generally
preferred, but it appears that low Bi concentration has prevented progress towards shorter
fibers. Indeed, 0.005% of Bi by wt. was set as an upper limit for Bi laser action [9]. There are
possibly two challenges in increasing the Bi concentration. First, the desired infrared
luminescence is only achievable when the Bi ions sit in proper sites[3]. Hence, increasing the
Bi concentration beyond what the number of appropriate sites permit may cause unsaturable
absorption or, at best, have no effect. Secondly, as the lasing wavelength is located in the tail
of the pump absorption band, high Bi concentration gives rise to additional signal loss like an
unsaturable loss. Depending on the excited-state lifetime, this can lead to high thresholds in
long devices of high Bi concentration. Despite these challenges, it is imperative to develop
efficient, high Bi concentration, fiber for short fiber laser operation and avoid any unwanted
nonlinear effectsfor cladding pumped BiDFL.

In this paper, we report continuous wave lasing operation at 1160 and 1179 nm with ~25
m long BiDF. We discuss the impact of unsaturable loss on Bi laser performances and the
intricacy of increasing Bi concentration for reducing fiber length. Furthermore, an opportunity
to extend the pump band for the BiDFL was investigated by measuring the excited state
absorption (ESA) in BiDFs in the 900-1300 nm wavelength range under 800 and 1047 nm
pumping. Dependence of Bi fluorescence on pump wavelength was al so investigated.

2. Experimental

A series of BiDF preforms with a core glass composition of Ge:Al:S O, was fabricated by
modified-chemical-vapor-deposition (MCV D) and the solution-doping technique with varying
Bi, Ge and Al concentrations. The preforms were drawn into fibers with 125 um outer

diameter with higher index polymer coating materials. The characteristics of the fibers are
summarized in Table 1.

Table 1. Characteristics of the devel oped Bi-doped fibers and fiber lasers at room temperature

Fiber | Absorption | Absorption | Background | Estimated | Estimated | Unsaturable Laser

number | & 1080 nm | at 1160 nm lossat 1285 | Ge content | Al content | lossat 1080 | efficiency at

(dB/m) (dB/m) nm (dB/km) |  (mol %) (mol %) | nm (dB/m) 1160 nm

(%)

Fiber 1 12 0.3 40 0.6 12 0.4 10
Fiber 2 17 0.5 60 0.4 12 11 <1
Fiber 3 35 13 100 Negligible 18 29 No lasing
2.1 Absorption

Figure 1 shows the typical absorption spectrum in the spectral region of 800-1300 nm,
measured by the cut-back technique, using a white light source and optical spectrum analyzer.
The small signal absorption a 1080 nmis 1.2 dB/m for fiber 1 which is four times higher than
that for the other BiDFs used for the laser operation, fabricated by the conventional MCVD
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and solution doping technique [8]. It should be noted that, despite the high absorptions, al the
fibers have background loss of less than 100 dB/km at 1285 nm from the OTDR (Luciol)
measurements.

Fiber 1

/ [ —-— — Fiber2
Y Fiber 3

Absorption, dB/m

T T T T
800 900 1000 1100 1200 1300

Wavelength, nm

Fig. 1. Measured absorption spectra of the BiDFs.

2.2 Unsaturable loss

The unsaturable losses in al the three fibers were measured at the pump wavelength of 1080
nm, at room temperature. A 3 W Yb doped fiber laser a 1080 nm was used as the pump
source. A short length of Fiber 1 was used in order to avoid any undesired gain at the signal
band around 1160 nm. The output spectrum was monitored on the optical spectrum analyzer
to check the power level in the signal band. The maximum pump power launched into the
fiber was ~2.5 W, which was sufficient to saturate the absorption. The unsaturable loss in
Fiber 1 was found to be almost 0.4 dB/m, which is 33% of the total small signal absorption
measured at this wavelength, as shown in Fig. 2.
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Fig. 2. Average absorption of BiDF against launched power at 1080 nm.

In Fiber 2, the unsaturable absorption was 1.1 dB/m which is 64% of the total small signal
absorption measured. Fiber 3 revealed an unsaturable absorption of 2.9 dB/m, which is 82%
of the total Bi induced absorption measured at this wavelength. The unsaturable loss in BiDF
increased at a shorter wavelength of 1047 nm, and decreased at lower temperature (10°C),
which is in good agreement with previous results [8, 10]. Note that we did not observe any
temperature dependence of the small signal absorption in the wavelength range investigated.
This suggests that the reduction in unsaturable loss at lower temperature can be viewed as a
suppression of the unsaturable loss part in the measured small signal absorption. Thus, the Bi
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laser efficiency would be improved with an externally forced heat sink, or by pumping the
fiber with the wavelength possessing lower unsaturable loss.

2.3 Laser Oscillation

The BiDFL configuration for Fiber 1 is shown in Fig. 3. Core pumping of the laser cavity was
organized by using a 3 W Yb doped fiber laser at 1080 nm. A linear 4%-100% reflecting
cavity was formed by a perpendicularly cleaved end facet in the signal output port of the
WDM and a high reflecting broadband mirror butted to the fiber on the other end of the
cavity. Thefiber length was varied from 50 to 20 m to maximize the signal output power.

RRRDDDDONN,

Pump WDM y
@1080 nm X 1090/1150 nm " Bismuth Doped fibrs

EBroadband

mirror

Signal output
Fig. 3. Experimental arrangement for BiDFL.

The dependence of output laser power on the launched pump power is shown in Fig. 4(a).
We attained 10% slope efficiency at 1160 nm with respect to the launched pump power. The
fiber length was 25 m which is substantially short compared to other 80 m BiDFLs. The 10%
dope efficiency compares well with other reported 80 m long fiber lasers at low pump powers
[8]. Thelasing threshold was around 200 mW. We observed no pulsing in a25 m BiDFL. It is
worth noting that this short fiber substantially increases the Raman limit up to 2 kW [11],
which is important for pulsed operation. Figure 4(b) shows a typical spectrum of 1160 nm
BiDFL with alinewidth of 3 nm, which was taken by an optical spectrum analyzer with 1 nm
resolution. The broad linewidth is due to the free running laser configuration.

A 10Cinicewater, A; 1090 nm
22°C, Room temperature, Jy: 1090 nm
204 m  22°C,Room temperature, A, 1080 nm

Output power, W
=
S
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Fig. 4. (). Output power and (b) output spectrum of BiDFL.

Fiber 1 was also tested with a 15 W Yb doped fiber laser (SPI Laser) at 1090 nm, using a
similar set up, as shown in Fig. 3. Here the 1090/1150 nm WDM was replaced with a
1090/1179 nm WDM. In addition, afiber Bragg grating at 1179 nm with 11% reflectivity was
used for the signal output coupling. The laser efficiency was sightly improved with 1090 nm,
compared to the efficiency under 1080 nm pumping, at room temperature. However, the
efficiency reached 15% when we dropped the environmental temperature to 10 °C. The
response of the laser performance to the different pump wavelengths and the different externa
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temperatures appears to be in accordance with the observed unsaturable absorption. The
maximum signal output power at 1179 nm was 1.4 W at 22°C, which increases up to 2 W at
10°C [See Fig. 4(a)]. The narrow linewidth of 0.4 nm could be suitable for successive
frequency doubling to yellow [Fig. 4(b)].

Fiber 2 failed to lase in the 100%-4% linear cavity at room temperature. We tested the fiber
in aring cavity with 65% output coupling. With a20 m long fiber, when pumped by 1080 nm,
the oscillation at 1160 nm was observed, but the efficiency was quite limited to 1%. We
checked Fiber 3 in a strong ring cavity with 1% output coupling, but it failed to lase with the
available pump power.

The measured value of the BiDFL efficiency, even with the most efficient fiber, is lower
than the conventional rare-earth doped fiber lasers. One of the possible reasons for the poor
performance of BiDFL may be the presence of unsaturable absorption at the pump
wavelength. It should be noted that the laser efficiency indeed relies on the strength of the
ratio of unsaturable loss to the small signal absorption. Increasing Bi concentration is certainly
the way forward to make the cavity shorter, however, we believe, at least in our fibers, that the
higher Bi concentration builds more wrong-valenced or ill-coordinated Bi ions, which restricts
the amount of Bi concentration. The unsaturable part in the absorption could be somewhat
suppressed by a proper heat sink, as reflected in the BiDFL efficiency in Fig. 4(a). In addition,
modification of compositions in host materia or different fabrication process may be helpful
to reduce the unsaturable loss in BiDFs.

2.4 Excited state absorption

We further investigated the possibility of extending the pumping band of the BiDFLs as Bi
ions in silicate glasses show a broad and intense absorption band (See Fig. 1). We aimed to
reveal the existence of the ESA by measuring change in transmission with and without
bleaching the ground state population. The experimental configuration for the ESA
measurement in the BiDFs is shown in Fig. 5(a). Chopped white light from a tungsten lamp
was launched into one end of the BiDF. The transmitted signal was collected, passed through
the monochromator and finally detected with an InGaAs detector. The lock-in amplifier was
synchronized with the chopper such that only signal in-phase was collected. An 800 nm
Ti:Sapphire laser served as a pump source. Pump light was coupled into the fiber through a
dichroic mirror (DM). Saturation in the change in transmission could be observed over 150
mW of the launched pump power. A small signal ground state absorption (GSA) was
determined by the cut-back method between fiber lengths 2 and 0.8 m with the pump off. The
measured GSA agreed well with the same measurement done with an optical spectrum
analyzer and white light source configuration.
The measured change in transmission is determined by [12],

1, (T .
AT = _Lln[Ton] =N'(Ou - (O-gsa +0,)) &)

off

where L is a fiber length, T,, and Ty are signal transmission with pump on and off,
respectively. N’ is a constant accounting for the overlap between the signal and the population
in the excited state, and ows, Oysa, 8N O @re cross-sections of excited state absorption, ground
state absorption, and emission, respectively. It should be noted that ESA was only considered,
and other factors like unsaturable loss was ignored in our calculation. Equation (1) suggests
that the ESA is dominant over the sum of oys, and o, when In(Toi/ Tor) iS Negative, i.e., when
the transmission decreases with the pump turned on. The GSA and change in the transmission
are shown in Fig. 5(b).
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Fig. 5. (8). Experimental set up for ESA measurement under 800 nm pumping and (b)
measured ground state absorption and changes in transmission in BiDF output spectrum under
800 and 1047 nm pumping.

Under 800 nm pumping, the ESA is seen to be dominant al over the wavelengths
investigated including the Bi emission band. Although the curve of transmission change did
not extend to 800 nm, because of the limitation in the DM that covers the 900 nm to 1200 nm
range, an increase in absorption at stronger pump power suggested the presence of ESA at 800
nm. The signal ESA on top of the pump ESA makes 800 nm pumping less promising.

The existence of the ESA of the BiDF was also measured under 1047 nm pumping. We
used the same experimental arrangement asin Fig. 5(a) except that the DM was replaced by a
fiber coupler. A 1047 nm Nd-YLF laser diode was used as a pump source. Counter
propagating pump light was injected to the BiDF through the fiber coupler. Fiber lengths 2.7
and 1 m were used for the measurement. The change in transmission is shown in Fig. 5(b). On
the contrary to the 800 hm pumping, a strong ESA can only be seen at wavelengths shorter
than 1000 nm. Our measurement at 1047 nm pumping showed no significant ESA at the
lasing wavelength and also in the 1080 nm pumping band of BiDF. Similar trends were
observed in case of Fiber 2 and Fiber 3, when examined under 1047 nm pumping. It should be
mentioned that we only consider ESA and neglect other possible causes of pump induced
absorption like up-conversion as reported in [13].

2.5. Fluorescence dependence on pump wavel ength

We further investigate the fluorescence dependence on the pump wavelengths. Figure 6
presents the measured fluorescent spectra for Fiber 1 at different pumping wavelengths from
915 to 1090 nm. Note that the peaks were scaled to unity for comparison. The fluorescence
peak shifts towards longer wavelengths and become narrower with longer pump wavelengths.
We observed similar pump wavelength dependence of fluorescence in other fibers.

The fluorescence decay time also depends on the pumping wavelengths. The recorded
time of the Fiber 1 was 750 psec under 1090 nm pumping, but it reduced to 670 psec under
other pump wavelengths of 915 and 976 nm [Fig. 7(a)]. The observed lifetimes of Fiber 2 and
Fiber 3 under 1090 nm pumping were 750 usec, which reduced to 680 psec under 976 nm
pump wavelength. No temperature dependence on lifetime was observed at the temperature
range of 10 to 22°C, in all the three fibers measured. We resolved the measured decay curves
with continuous lifetime fitting to recover all possible decay constants as in [14]. The decay
curves revealed two different decay constants. For example, the decay curve of the Fiber 1
showed short and long decay times of 130 psec and 750 psec respectively, at 1090 nm
pumping. The decay curves were fitted with single exponential and continuous life time
distribution fit, and they were all better expressed by continuous exponential fitting, as shown
inFig. 7(b).
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Fig. 6. Scaled fluorescence spectra of Fiber 1 by different excitation sources.

Thus, it seems to indicate that the Bi ions, which are responsible for 1160-1300 nm
emission, do sit in different sites.

—— Fluorescence decay (k,; 1090 nm)
—— 1090 nm —— single exponential fit
—— Continuous lifetime distribution fit

Fluorescence intensity, a.u.
Fluorescence intensity, a.u.

0.000 0.001 0.002 0.003 0.004 0.000 0.001 0.002 0.003 0.004

Time, sec Time, sec
Fig. 7. (a). Fluorescence decay of BiDF under 915, 976 and 1090 nm pumping and (b)

fluorescence decay fitted with single and continuous life time distribution under 1090 nm
pumping.

3. Conclusion

We have demonstrated a 25 m BiDFL at 1160 nm. The laser efficiency was impaired when
unsaturable loss was high. The temperature dependence of unsaturable loss and its influence
on the efficiency of BiDFL operation was investigated. The ESA in BiDF was measured in
the 900 — 1300 nm wavelength range under 800 nm and 1047 nm pumping. The measurement
under 800 nm pumping revealed strong ESA from 900 — 1200 nm. Strong pump ESA together
with the observed signal ESA will obstruct efficient laser performance by 800 nm pumping.
Under 1047 nm pumping, a significant amount of ESA was observed in the 900 — 1000 nm
band, while the ESA in the Bi emission band was negligible. The fluorescence of the BiDF
strongly depends on the pump wavelength.
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