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Abstract

We demonstrate stable simultaneous lasing of up to 29 wave-
lengths in miniature 1mm and 2mm long Er¥*:Yb%* fiber Fabry-
Perot lasers. The wavelengths are separated by 0.8nm (100GHz)
and 0.4nm (50GHz) respectively, corresponding to the free spec-

tral range of the laser cavity. The number of lasing wavelengths
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and the power stability of the individual modes are greatly en-
hanced by cooling the laser in liquid nitrogen (77K). The polariza-
tion modes and 1inewidth_ of each Waw'eiength are measured with
high resolution by heterodyning With a local oscillator. The homo-
geﬁeous linewidth of ghe Er*:Yb3* fiber at 77K is determined to
be ~0.5nm, from spectral hole-burning measurements, which ac-
counts for the generation of a stable multiwavelength lasing comb

with wavelength separations of 0.4nm.

1. Introduction

Compact and stable multiwavelength lasers are attractive for many ap-
piications, particularly in wavelength division multiplexed (WDM) systems.
Recently, multiwavelength Er**-doped fiber lasers have been reported by sev-
eral groups(1]-[3], in which the doped fiber is cooled by liquid nitrogen to re-
duce the homogeneous linewidth and minimise cross-gain saturatign effects[4].
Alternatively, inhomogeneous broadening can be achieved by the use of twin-

core Er**-doped fibers[5]. In all these reports, however, the laser cavities are
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at least several meters in length, and therefore tend to be unstable or multi-
moded within each individual wavelength band. In addition, intracavity filters
are typically needed in o;der to generate the comb spectrum with the desired
wavelength separations. -

Iﬁ this paper, we report on miniature (millimeter Tlong) Er3*:Yb3* fiber
Fabry-Perot lasers as potentially attractive multiwavelength sources, since they
are compact, inherently simple in design, and would be naturally single moded
within each wavelength band. We demonstrate stable simultaneous lasing of
up to 29 wavelengths in 1mm and 2mm long fiber lasers, whose wavelength
separations are 0.8nm (100GHz) and 0.4nm (50GHz) respectively, correspona-
ing to the free spectral range of the laser cavity. These wavelength spacings
are ideally suited for dense WDM systems. We show that the number of lasing
wavelengths and the output stability are greatly enhanced by cooling the laser
ih liquid nitrogen (77K). The polarization modes and linewidth of each wave-
length are studied through high resolution heterodyne measurements. With
Er3+:Yb3+ co-doped fibers, the large 980nm pump absorption due to the Yb**
enables more efficient operation, particularly in short cavity lasers. In ad-
dition, as will be shown here from spectral hole burning measurements, the

homogeneous linewidth of the Er¥*:Yb3* fibers at 77K is only ~0.5nm, nar-
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rower than for conventional Er®*-doped fibers, enabling stable laser operation

with wavelength separations of just 0.4nm.

2. Characteristics of the fiber Fabry-Perot lasers (FFPL)

Tﬁe fiber F :abry-Perol.:.' laser .(FFPL) conﬁguration'iis shown in Fig.1. It
consists simply of a short length of Er**:Yb®* fiber with high reflectivity di-
electric mirrors deposited on the two polished end-faces(6][7], and single mode
fibers epoxied on both ends for coupling the pump and output emissions. It is
pumped by a laser diode operating at 980nm. With mm long cavities, the mode
spacing is on the order of several tens of GHz, ideally suited for dense WDM'
systems. Four FFPLs were studied in combination with two different types
of Er¥*:Yb3* fibers (phosphosilicate and phosphate) and two cavity lengths
(Imm and 2mm). The phosphosilicate fiber has Er**:Yb** concentrations of
1000:12800 parts in 108, a cutoff wavelength of 1120nm, and an effective emis-
sion cross section of 6.8x1072°m?. The phosphate fiber has higher Er®*:Yb3*
concentrations of 1600:38000 parts in 108, a cutoff wavelength of 1000nm, and
an effective emission cross section of 5.7x1072m?. 99.99% and 99.86% mirrors

are deposited on the ends, with the latter used as output.
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2.1 Spectral characteristics

Figures 2-5 show the lasing optical spectra for FFPL#1 (2mm phos-
phosilicate fiber), FFPL#2 (1mm phosphosilicate fiber), FFPL#3 (2mm phos-
phate fiber), and FFPL#4 (lmrn phosphate fiber), respectively. At 77K with
the lasers immersc;d m liquidt nitrogen, it is seen th'atv theﬂlasers typically oper-
ate stably in two wavelength bands centered around 1535nm and 1543nm. The
individual wavelength separations are 0.4nm (50GHz) for FFPL#1 and #3,
and 0.8nm (100GHz) for FFPL#2 and #4, corresponding to the free spectral
ranges of the respective laser cavities. The maximum number of lasing modes
is 29, obtained in FFPL#3 (Fig.4(a)). However, lasing between 1536nm and
1540nm was not observed. This is on account of the deep gain dip of the
Er*+:Yb3* fibers in this wavelength band, shown in the fluorescent spectra
f;om these fibers (Fig.6), which was measured by the experimental setup in
Fig.11 (see Section 3). '

As seen in Figs.2-5, the number of achievable wavelengths is greater in
2mm-long FFPLs (#1 and #3) than in lmm-long ones (#2 and #4). The

reduction in the number with the shorter cavity is likely the consequence of

the higher gain needed in the doped fiber in order to reach threshold, and
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hence less saturation effects(3].

It is interesting to note that the lasers are actually also capable of
multiwavelength operation at higher temperatures, such as at 195K (simply
surrounding it with dry ice) and 290K (at room temperature), as shown in
Figs.2-5. Howeve}, the nui'Iiber of modes is reduced and the output modal
powers become less stable as the temperature increases. It is clearly seen
in all lasers that the lasing modes are shifted to the longer wavelength as
the temperature reduces, and FFPL#1 at 77K operates only in the longer
wavelength band centered at 1544nm as shown in Fig.2(a).

From a practical point of view, FFPL#1 may be the most promising;
although the number of modes is only 17, they are evenly spaced (without any

gaps) and the output modal powers are also the most stable.

2.2 Output modal powers and their stability

Figures 7(a)-(c) show the output modal powers for FFPL#1 at (a) 77K,
(b) 195K, and (c) 290K, and Figure 7(d) shows the total output powers at these
temperatures. The total output powers have a slope efficiency of ~0.4%. A
slight saturation of the output power at higher pump powers is clearly evident,

especially at 77K, as shown in Fig.7(d). This saturation effect may be due to
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a “bottleneck” problem in the energy transfer from Yb%* ions to Er®* ions as
a consequence of the finite transfer time, enhanced at 77K; however, further
investigation will be needed to Yerify this. |

| Figures 8(a)-(c) show the. temporal change of output modal powers for
FlFPL#l at (a) 77K, (b) 1931{, and (c) 200K. The stability of the individual
modal powers at 77K is excellent (within £0.05dB), although they become less
stable as the temperature goes up. The instabilities with higher temperatures
are believed to be caused by cross gain saturation effects in the increasingly
homogeneous Er3*:Yb3* fiber. In contrast, at 77K, the fiber gain medium is

sufficiently inhomogeneous to enable stable multiwavelength laser operation.

2.3 Polarization modes and linewidth in each wavelength

The linewidth of each wavelength in Figs.2-5 is 0.1 nm, resolution lim-
ited by the optical spectrum analyzer. In order to measure the spectrum at
higher resolution, we performed heterodyne detection with a tunable external
cavity single frequency laser diode as the local oscillator. Figure 9 shows the
heterodyne detected beat spectra of the 4th wavelength from FFPL#4. It is
found to consist of two modes separated by 1.4GHz. By carefully changing

the polarization state of the light from the local oscillator, one of the beat
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signals is observed to be suppressed when the other reaches maximum, which
indicates that the polarization states of the two modes are orthogonal.

We also investigated all the modes in the FFPLs, and observed similarly
two beat signals separated by a fe'w GHz. Thus it is found that the FFPLs ac-
tl;ally opérate in two polarié;tion modes for each wa.vélexiéth in Figs.2-5, since.
no polarization-selective mechanism exists in these lasers. As multiwavelength
light sources for WDM systems, a polarizer would likely be needed after the
FFPL to suppress one of the polarization modes. However, the lasing of two
polarization modes separated by a certain frequency with equal powers means
that the polarization state of the light is scrambled at that frequency, which
may prove useful in multiwavelength sensing systems.

Figure 10 shows the beat spectrum of FFPL#4 obtained using the
delayed self-heterodyne method. A frequency shifter of 110MHz and a delay
ﬁber of 5km were used, with a nominal resolution of 40kHz. It should be noted
that the beats of all the wavelengths are superimposed because no filtering is

applied. The linewidth is estimated to be ~100kHz.
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3. Determination of homogeneous linewidth of the Er®*:Yb®* fibers

used

It has previously been shown that Er®*-doped fibers exhibit inhomoge-
neous gain at low temperétuges from spectral gain hole bmtning measurements(4],
where, at 77K, the homogeﬂeous linewidth (:half of hole width) was found
to be ~Inm, depending on the host glass. To our knc;wledge, these measure-
ments have not been performed for Er3*:Yb3* fibers. Therefore, we present
here results of homogeneous linewidth measurements of the Er**:Yb®* fibers
used.

Figure 11 shows the experimental setup. The Er3*:Yb3* fiber is directly
immersed in liquid nitrogen, and pumped at 1um through a WDM coupler.
We chose this pump wavelength because the absorption at 980nm was found
to be too high to obtain enough ampliﬁedvspontaneous emission (ASE). Signa.l.
light at 1.53um is put ‘into the Er3*:Yb3* fiber to burn a hole in the ASE
spectrum. The counter-propagating ASE is taken out through a circulator.
The advantages of using the counter-propagating ASE are that there is no
need for optimizing the length of the Er3*:Yb3* fiber, and that the measured

spectrum does not contain the signal light. In practice, however, a small
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amount of the signal does remain in the spectrum, mainly from scattering in
the fiber, so a polarﬁation controller and polarizer are used to further suppress
it (note that the ASE is unpolarized).

Figures 12(a)-(c) -show the measured spectral holes in the (a) phos-
;;hosilicéte E}r?’#':\:(b3+ ﬁberj‘(b) phosphate Er¥*:Yb* fiber, and (c) standa%d
Al/Ge/SiO, Er®*-doped fiber. The standard Er’*-doped fiber measured for
comparison is pumped at 980nm. It is seen in Figs.l?(a) and (b) that the homo-
geneous linewidths of the phosphosilicate and phosphate Er*:Yb3* fibers are
both ~0.5nm, narrower than that for the standard Er3+-doped fiber (~0.8nm)
as seen in Fig.12(c). These results account for the stable multiwavelength
lasing, even for wavelength separations of only 0.4nm in 2mm-long FFPLs.
We also measured the spectrum at 195K and 290K, but could not observe
any substantial hole-burning. At these higher temperatures, we attribute the
rﬁultiwavelength operation, in spite of the homogeneous nature of Er3+:Yb3+
fibers, to spatial hole-burning effect cauSed by the standing wave formed in

the Fabry-Perot cavity(8].
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4. Conclusion

We have reported on the realization of miniature Er**:Yb3* fiber Fabry-
Perot lasers (FFPL) as potentially attractive multiwavelength sources, since
they are compact, inhereﬁtly sim.ple in design and constrpction, and would be
naturally single modéd MtMn each wavelength bz;.nd. We have demonstrated
stable simultaneous lasing of up to 29 wavelengths in imm and 2mm long FF-
PLs, whose wavelength separations are 0.8nm (100GHz) and 0.4nm (50GHz)
respectively, corresponding to the free spectral range of the laser cavity. These
wavelength spacings are ideally suited for dense WDM systems. We have
shown that the number of the lasing wavelengths and the output power sta-
bility are greatly enhanced by cooling the laser in liquid nitrogen (77K). The
polarization modes and linewidth of each wavelength were studied with the aid
of heterodyne measurements. The homogeneous linewidth of the Er3+:Yb3+
fibers at 77K is found t(; be ~0.5nm from spectral hole-burning measurements,

thus enabling stable multiwavelength laser operation with wavelength spacings

of just 0.4nm.
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Figure Captions

Figure 1

Figure 2

Figure 3

Figure 4

Figure 5

Figure 6

Figure 7

Figure 8

Figure 9
Figure 10

Figure 11

Miniature Er3*:Yb3* fiber Fabry-Perot laser: experimental
configuration.

Output optical spectra of FFPL#1 (2mm phosphosilicate
Er3*:Yb3+ fiber),

() 77K (b)-195K (c) 290K (Resolution: 0.1nm)

Output optica.l spectra of FFPL#2 (1mm phosphosilicate
Er3+:Yb3* fiber),

(a) 77K (b) 195K (c) 290K (Resolution: 0.1nm)

Output optical spectra of FFPL#3 (2mm phosphate Er3+:Yb3+
fiber),

(a) 77K (b) 195K (c) 290K (Resolution: 0.1nm)
Output optical spectra of FFPL#4 (lmm phosphate Ert+:Yb3+

fiber),
(@) 77K (b) 195K (c) 290K (Resolution: 0.1nm)

Fluorescent spectra from (a) phosphosilicate Er3*:Yb3* fiber, and

(b) phosphate Er**:Yb** fiber, at 77K pumped at 1uym. (Resolu-
tion: 0.1nm)

Individual modal powers of FFPL#1.
(a) 77K (b) 195K (c) 290K (d) Total power

(numbered beginning with the shortest lasing wavelength.)

Individual modal stabilities of FFPL#1.
(a) 77K (b) 195K (c) 290K

Heterodyne beat spectra of the 4th mode of FFPL#4.
Delayed-self heterodyne beat spectra of FFPL#4.

Experimental setup for spectral hole burning measurements.
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Figure 12 Measured spectral holes. (Resolution: 0.1nm)
(a) phosphosilicate Er®*:Yb%* fiber
(b) phosphate Er3+:Yb3* fiber
(c) standard Al/Ge/SiO; Er3*-doped fiber
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