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Watts-level, short all-fiber laser at 1.5 pm with a large core
and diffraction-limited output
via intracavity spatial-mode filtering
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We report over 2 W of single spatial-mode output power at 1.5 um from an 8-cm-long, large-core phosphate fiber

laser.
8% Yb*3.

The fiber has a numerical aperture of =0.17 and a 25-um-wide core, heavily doped with 1% Er*?® and
The laser utilizes a scalable evanescent-field-based pumping scheme and can be pumped by as many

as eight individual multimode pigtailed diode laser sources at a wavelength of 975 nm. Nearly diffraction-
limited laser output with a beam quality factor M? = 1.1 is achieved by use of a simple intracavity all-fiber

spatial-mode filter.
© 2005 Optical Society of America
OCIS codes: 140.3510, 140.3570, 140.5560.

Realization of an all-fiber cw single-frequency fiber
laser with output power in the several-watt range is a
goal of current laser research. Such a source will be
useful in a variety of applications, including nonlinear
frequency conversion and development of an extremely
high-power laser source by coherently combining the
outputs of several seeded fiber amplifiers." Although
hundreds of watts of output power from a fiber laser
was reported recently by several groups,?~* such lasers
employ 10—100-m-long Fabry—Perot fiber cavities,
and therefore it is virtually impossible to force them
into single-frequency operation. To that end, the
cavity length has to be decreased to a few centimeters
at most, but then the pump absorption in the active
medium would decrease in proportion. Fibers made
from low-melting-temperature glasses have a unique
advantage compared with their silica counterparts,
because such glasses can accept at least an order of
magnitude higher concentration of dopant ions than
silica.® Not surprisingly, at present the most power-
ful commercially available single-frequency fiber laser
utilizes low-melting-temperature phosphate glass
fiber as a host for the active ions® with a 2-cm-long
cavity, the laser is core pumped by a single-mode
pigtailed laser diode. The output power reaches
200 mW and is limited by the available pump power.

In pushing the single-frequency fiber laser out-
put into the several-watt range, two considerations
are noted: the pumping scheme has to allow for
low-brightness, multimode laser diode source(s) that
can provide abundant pump power, and the doped core
of the active fiber has to be large enough to facilitate
rapid pump absorption. Still the laser has to emit
spatially single-mode output, otherwise the phase
shifts between several oscillating (spatial) modes
will cause frequency drift of the laser output and
longitudinal mode hops.

Several methods of achieving spatially single-mode
operation of a large-core fiber laser have been reported.
One approach is to design the fiber so that it remains
single mode despite its large core size, which can be
done either by tight control of the index step between
the core and cladding®’® or by use of microstructured
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Both spectrally broadband and narrowband operation of the laser are demonstrated.

fibers.®~!' Another approach is to use a multimode ac-

tive fiber but to introduce a discriminating mechanism
between the fiber modes so that only the fundamental
mode is allowed to lase. This can be done either
in a distributed way, i.e., by coiling the fiber,*? or
locally.'** In particular, in Ref. 13 Alvarez-Chavez
et al. reported using a short tapered section in a
several-meters-long multimode fiber cavity, resulting
in improvement of the beam quality factor from
M? ~ 3.5 to M? ~ 1.4. The method presented in
Ref. 14 relies on different expansion rates for the fiber
modes in free space, and a nearly perfect diffraction-
limited output laser beam with M? ~ 1.1 was reported.
However, since it is not an all-fiber design there are po-
tential stability issues associated with this approach.

In this Letter we report a simple yet effective way
to discriminate between different spatial modes of a
fiber laser by use of a short single-mode fiber section
inside the laser cavity. Using this method, we forced
an 8-cm-long multimode active fiber to oscillate in
the fundamental spatial mode, with an almost perfect
diffraction-limited output beam (M2 ~ 1.1). The
maximum optical power output exceeded 2 W. The
laser utilizes a scalable side-pumping scheme, allow-
ing the laser to be pumped by several multimode
laser diodes. The total cavity length of the laser was
12—15 cm, depending on the feedback element used.
We believe that the reported work is an important
step toward realization of an all-fiber single-mode and
single-frequency laser source with output power in the
several-watt range.

The experimental setup is shown schematically in
Fig. 1. An 8-cm-long active fiber is made from phos-
phate glass. It has a 125-um cladding and a 25-um
step-index core that is codoped with 1% Er*3 and 8%
Yb*3. The numerical aperture (NA) of the fiber is
~0.17, thus the fiber core supports multiple modes
at a peak laser wavelength of ~1535 nm. The active
fiber is pumped with a scalable pumping scheme
based on evanescent-field coupling of pump light at
975 nm from multiple pump delivery fibers into the
active fiber. This pumping method is similar to the
schemes used in the high-power, long lasers reported
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Fig. 1. Experimental setup.
fiber bundle.

in Refs. 2 and 3 but is tailored to facilitate rapid
penetration of the pump light into the active fiber
over a short distance. In brief, the active fiber is
surrounded by several coreless pump delivery fibers
made from fused silica, all with an outer diameter
of 50 um. The fiber pigtails from the pump diode
sources are nonadiabatically tapered and spliced to the
delivery fibers. The tapering increases the NA of the
pump light inside the delivery fibers and enhances
the coupling between the delivery fibers and the
active fiber. The fiber bundle is held together with
a heat-shrink tube made from a low-index polymer,
such that the index step between the tube and the
delivery fibers is sufficient to prevent the pump
light from leaking into the polymer. In the laser
reported here, four pump delivery fibers are used,
providing inputs for eight independent pump sources.
A detailed description of the pumping scheme can be
found in Ref. 15.

The intracavity spatial-mode filtering takes place
in a short piece of a single-mode silica fiber (Corning
SMF-28). The single-mode section of the resonator
is linked with multimode active fiber by a different
piece of silica fiber, with the core diameter and the
NA closely matching those of the active fiber. The
last two are fusion spliced together with an estimated
splice loss for the fundamental mode of ~5%. To
achieve a low-loss fundamental mode conversion be-
tween the single-mode and multimode sections of the
laser cavity, both 25-um-core silica fiber and SMF-28
fiber were adiabatically tapered to an outer dimension
of ~80 um, at which the field diameters of the funda-
mental mode in the two fibers become equal. Then
the fibers were cleaved at the taper waist and fusion
spliced together, as shown in Fig. 2. Also shown is
a plot of the calculated diameter of the fundamental
mode in the two fibers as a function of the cladding
diameter. The total length of the mode converter was
~1.5 cm, and the converter was completely covered
with an index-matching gel. The double-pass loss
in the converter measured with broadband light
at 1.5 um launched from the single-mode side and
reflected back was 0.7 dB.

For narrowband operation the laser cavity was
formed by a fiber Bragg grating written on the
single-mode fiber on one side and by ordinary Fresnel
reflection from the cleaved end of the phosphate fiber
on the other side. The grating had a 3-dB bandwidth

of 0.25 nm centered at 1535 nm with a peak reflectiv-
ity of 90%. Using optical heterodyning of the laser
output with a tunable, stable single-frequency laser
(Agilent 81682A), we found that the fiber laser oscil-
lated at a number of longitudinal modes (~10) that
were separated by 630 MHz. This mode separation
corresponds to the total laser cavity length of ~15 cm.
By tuning the wavelength of the reference laser, we
found that the total emission bandwidth of the fiber
laser was ~6 GHz (~0.05 nm).

To determine the power penalty associated with
the spatial-mode filtering as well as that associated
with the spectral filtering by the Bragg grating, we
fabricated two additional lasers with a design identical
to that shown in Fig. 1, except that in one the grating
was replaced by a 100%-reflective broadband dielectric
mirror deposited on the cleaved single-mode fiber end
of the resonator and in the other there was no mode
filter and the broadband mirror was deposited on a
cleaved 25-um-core silica fiber. In the latter case
the splice between the active phosphate fiber and the
25-pm-core silica fiber was still present. With broad-
band mirror feedback both lasers had a wide emission
bandwidth of ~20 nm. In Fig. 3 the output power
at 1.5 um for lasers with different feedback elements
is shown as a function of the combined pump power.
Over the whole operation range, the wavelength of
the pump was maintained at 975 nm, the peak small-
signal absorption value for the doped glass. Of
the three lasers, the one without the spatial-mode
filter and with the broadband mirror has the highest
optical-to-optical slope of 15.5%. The output power
in this case remains a linear function of the pump
power through the operating range and reaches 3.2 W.
Right above threshold, the laser with the intracavity
filter and the broadband mirror on the SMF-28 end
has a slope of 13%, and the one with the fiber Bragg
grating has a slope of 11%. At ~1.3 W, the output
power in both cases with the spatial-mode filtering
starts rolling off. We performed multiple runs with
each laser to confirm that the curves in Fig. 3 were
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Fig. 2. Schematic of the spatial-mode converter. The
graph shows the calculated mode-field diameter of the
fundamental mode in the two fibers. MM, multimode;
SM, single-mode.
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Fig. 3. Output power of the laser with different feedback:

1, without a spatial-mode filter and with a broadband mir-

ror on the multimode fiber end; 2, with a mode filter and

a broadband mirror on the single-mode fiber end; 3, with

a mode filter and a narrowband fiber Bragg grating at the
single-mode fiber end.

repeatable. Thus, roll-off is not related to permanent
damage to the active fiber or to other laser components
but may result from transversely varying gain satura-
tion in the doped fiber core.'® The roll-off can still be
of thermal origin, and we are currently investigating
this issue further. Note that, at the same output
power from the lasers with and without spatial-mode
filtering, the maximum power density inside the active
fiber core is different by a factor of 2(dcore/@mode)> = 3.5
(dcore 18 the core diameter, and d.qe is the mode-field
diameter of the fundamental fiber mode).

The M? parameter of the three lasers was measured
at the multimode fiber side by use of a beam profiler
(BeamMap, Dataray). We estimated the measure-
ment accuracy at +0.02. M? of the laser without
mode filtering grew from ~2.5 at just above threshold
to ~3.5 at the highest power level. For both broad-
band and narrowband lasers with mode filtering,
the beam quality factor was stable at each particular
value of the pump power but varied from 1.05 to 1.12
when the pump power was changed. The dependence
of M? on pump power was random. We believe that
this variation resulted from thermally induced phase
changes between the fundamental fiber mode and the
residual high-order mode content of the laser beam.
From the data we estimate that this higher-order mode
content carried less than 5% of the total laser power.

Note that, if the intracavity spatial-mode filtering
described here is applied to an active fiber with even
larger core, we expect the output from such laser to
have somewhat less than perfect beam quality, as
the coupling between different spatial modes in the
active fiber rapidly grows with increasing fiber core
size.l” The quantitative limitations of the reported
approach are still to be determined.

Finally, we emphasize that at this point our laser
is not short enough to make single-frequency opera-
tion straightforward. However, various approaches
of frequency selection in fiber lasers that have been
successful in producing single-frequency output from

~10-cm-long low-power fiber lasers'®~?° can be applied

to our laser, making it a promising candidate for a
high-power, single-mode, single-frequency fiber laser
source.

The authors are grateful to Liekki Oy
(www liekki.com) for samples of custom silica fibers
and to V. Temyanko for technical support. We also
acknowledge support from the U.S. Air Force Office
of Scientific Research (contract F49620-03-1-0194).
P. Polynkin’s e-mail address is ppolynkin@optics.
arizona.edu.

References

1. W. C. Holton, Laser Focus World 39(7), 21 (2003).

2. N. Platonov, D. Gapontsev, V. Gapontsev, and V.
Shumilin, in Conference on Lasers and Electro-Optics
(CLEO), Vol. 73 of OSA Trends in Optics and Photonics
Series (Optical Society of America, Washington, D.C.,
2002), postdeadline paper CPDC4.

3. J. Nillson, J. Sahu, Y. Jeong, W. Clarkson, R. Selvas,
A. Grudinin, and S. Alam, Proc. SPIE 4974, 50 (2003).

4. J. Limpert, A. Liem, H. Zellmer, and A. Tunnermann,
Electron. Lett. 39, 645 (2003).

5. J. Meyers, R. Wu, T. Chen, M. Meyers, C. Hardy,
and J. Driver, “Phosphate glass laser materials,” paper
presented at the Directed Energy Professional Society
16th Annual Solid State and Diode Laser Review, Al-
buquerque, N.M., May 20-22, 2003.

6. Ch. Spiegelberg, J. Geng, Y. Hu, Y. Kaneda, S. Jiang,
and N. Peyghambarian, IEEE J. Lightwave Technol.
22, 57 (2004).

7. N. Broderick, H. Offenhaus, D. Richardson, R.
Sammut, J. Caplen, and L. Dong, J. Opt. Fiber Tech-
nol. 5, 185 (1999).

8. T. Qiu, L. Li, A. Schiilzgen, V. Temyanko, T. Luo, S.
Jiang, A. Mafi, J. Moloney, and N. Peyghambarian,
IEEE Photon. Technol. Lett. 16, 2592 (2004).

9. K. Furusawa, A. Malinowski, J. Price, T. Monro, J.
Sahu, J. Nilsson, and D. Richardson, Opt. Express 9,
714 (2001), http://www.opticsexpress.org.

10. P. Glas and D. Fisher, Opt. Express 10, 286 (2003),
http://www.opticsexpress.org.

11. J. Limpert, T. Schreiber, S. Nolte, H. Zellmer, T.
Tunnermann, R. Iliew, F. Lederer, J. Broeng, G.
Vienne, A. Petersson, and C. Jakobsen, Opt. Express
11, 818 (2003), http://www.opticsexpress.org.

12. J. Koplow, D. Kliner, and L. Goldberg, Opt. Lett. 25,
442 (2000).

13. J. Alvarez-Chavez, A. Grudinin, J. Nilsson, P. Turner,
and W. Clarkson, in Digest of Conference on Lasers and
Electro-Optics (Optical Society of America, Washington,
D.C., 1999), paper CWET.

14. U. Griebner, R. Koch, H. Schonnagel, and R. Grunwald,
Opt. Lett. 21, 266 (1996).

15. P. Polynkin, V. Temyanko, M. Mansuripur, and
N. Peyghambarian, IEEE Photon. Technol. Lett. 16,
2024 (2004).

16. A. Siegman, Lasers (University Science, Mill Valley,
Calif., 1986).

17. M. Fermann, Opt. Lett. 23, 52 (1998).

18. S. Chernikov, J. Taylor, and R. Kashyap, Opt. Lett. 18,
2023 (1993).

19. W. Loh, L. Dong, and J. Caplen, Appl. Phys. Lett. 69,
2151 (1996).

20. R. Paschotta, J. Nilsson, L. Reekie, A. Trooper, and
D. Hanna, Opt. Lett. 22, 40 (1997).



