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An alternative original approach to achieve single-transverse-mode laser emissions from multimode (MM)
active fibers is demonstrated. The fiber cavity is constructed by simply splicing a conventional passive
single-mode fiber (SMF-28) onto a few centimeters-long active MM fiber section whose length is precisely
controlled. Owing to the self-imaging property of multimode interference (MMI) in the MM fiber, diffraction-
limited laser output is obtained from the end of the SMF-28, and the MMI fiber laser is nearly as efficient as
the corresponding MM fiber laser. Moreover, because of the spectral filtering effect during in-phase MMI, the
bandwidth of the MMI fiber laser is below 0.5 nm. © 2008 Optical Society of America

OCIS codes: 060.2320, 060.3510, 140.3500, 140.3510.

Power levels of single-mode (SM) optical fiber lasers
have been significantly elevated after the design of
doubly clad fibers was introduced to enable cladding-
pumping with low-brightness semiconductor laser di-
ode arrays. However, as the output power surpasses
certain levels, nonlinear effects, thermo-optic effects,
output power saturation, and optical damage inevita-
bly arise as constraints of further power scaling of
conventional single-mode fiber (SMF) lasers. An in-
crease in the mode field area of the active SMF is an
effective solution to overcome the constraints de-
scribed herein. Large-mode-area SMFs can be real-
ized either by precise control of the index step be-
tween the core and cladding or use of the
microstructured fiber. To date, for instance, 2 kW
1 pm silica-hosted, 10 W 2.78 um ZBLAN-hosted [1],
and 2 W 1.53 um single-frequency phosphate-hosted
[2] SMF lasers have been demonstrated using large-
mode-area SMFs.

However, further significantly increasing the
diffraction-limited output from these record-breaking
fiber lasers is technically restrained. Utilizing active
multimode (MM) fibers is an alternative approach to
increase mode volume and boost power levels of SM
emission. Diffraction-limited outputs from active MM
fibers can be obtained by introducing a discrimina-
tion mechanism between the various fiber modes that
suppresses the transverse modes other than the fun-
damental mode. Fundamental-mode surviving
mechanisms can be realized, e.g., by adjusting the fi-
ber index and doping distribution [3,4], introducing
special cavity configurations [5,6], coiling the MM fi-
ber [7], or designing helical-core [8] or leakage chan-
nel fibers [9]. Utilizing beam cleanup effects based on
stimulated Raman scattering [10] and stimulated
Brillouin scattering [11] have also been proposed to
obtain diffraction-limited emissions from MM fiber
lasers.

In this Letter, a new concept to achieve single-
transverse-mode output from an active MM fiber is
proposed and demonstrated. By utilizing the self-
imaging property of multimode interference (MMI) in
the MM fiber, diffraction-limited output can be ob-
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tained from a highly efficient diode-pumped MMI fi-
ber laser consisting of a short Er/Yb codoped phos-
phate MM fiber and a conventional SMF (SMF-28).
Compared with previous techniques, MMI fiber la-
sers are easy to construct and do not need any spe-
cially designed fibers. In addition, because of the in-
trinsic properties of MMI, a narrow linewidth output
can be obtained from MMI fibers without using any
spectral filter.

MMI has already been widely utilized in the design
and fabrication of low-loss waveguide couplers with
applications such as switches, modulators, coherent
receivers, and ring lasers [12]. In recent years, there
has been growing interest in the application of MMI
effects in fiber optics. Several groups have demon-
strated MMI effects in MM fibers and fabricated
MMI fiber devices for different applications, such as
a multiwavelength fiber laser [13], wavelength tun-
able laser [14], all-fiber bandpass filter [15], wave-
length tunable fiber lens [16], all-fiber refractometer
sensor [17], fiber-optic displacement sensor [18], and
high-temperature sensor [19].

According to the self-imaging principle of MMI ef-
fects, an input field profile is always reproduced at
periodic intervals along the propagation direction of
the MM waveguide. Consequently, for a diffraction-
limited input field incident on the input facet of an
MM fiber, MMI effects result in periodic longitudinal
locations within the fiber where the source field is re-
covered. Therefore, when an MM fiber is sandwiched
between two SMF's and the length of the MM fiber is
precisely controlled to enable self-imaging of the in-
put field, high transmission of a diffraction-limited
field through an MM fiber can be obtained [15,20]. A
typical transmission spectrum of a 20 cm phosphate
MM fiber with a core diameter of 25 um spliced with
two SMF-28 fibers is shown in Fig. 1. For certain
wavelengths, self-imaging of the input diffraction-
limited field occurs and the propagation loss is only
~1 dB. Therefore, an MMI fiber laser cavity with low
round-trip loss can be constructed by splicing an
SMF onto a rare-earth-doped MM fiber. Because the
transmission spectrum of an MMI fiber laser cavity
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Fig. 1. (Color online) Gain profile of a heavily Er/Yb

codoped phosphate fiber (dashed curve) and the transmis-
sion spectrum of an MMI cavity with a 20 cm long MM fi-
ber (solid curve).

shifts as the length of the MM fiber changes [14-16],
an efficient fiber laser with diffraction-limited emis-
sions is achievable by precisely controlling the length
of the active MM fiber to overlap the transmission
peak with the gain peak of the active ions as illus-
trated in Fig. 1.

The presence of mode conversion, which may result
from core inhomogeneities, geometrical imperfection,
microbending, strain, and pressure, is detrimental to
the efficient and stable operation of an MMI fiber la-
ser. The random mode conversion is increased with
the MM fiber length [5]. Therefore, a short fiber cav-
ity is preferred because the shorter the fiber cavity,
the less random mode conversion will occur. A phos-
phate fiber laser can generate watt-level [21] or even
ten-watt-level emission within a few centimeters
doped fiber [22] owing to high solubility of rare-earth
ions and low ion clustering effects in phosphate glass.
Therefore, a heavily Er/Yb codoped MM phosphate
fiber is well-suited to realize an MMI fiber laser.

The design of our MMI fiber laser is schematically
shown in Fig. 2. A 10.236 cm long active MM phos-
phate fiber with a cladding of 125 um is spliced to a
1 m long section of SMF-28. The MM core is codoped
with 1 wt. % Er,03 and 8 wt. % YbyOs, respectively.
The core diameter is 25 um and the numerical aper-
ture of the fiber is 0.17, which correspond to a nor-
malized frequency V=8.7. Propagation of approxi-
mately 30 modes (including two polarizations each) is
supported in this MM active fiber. The active fiber
segment and an additional ~10 cm of SMF-28 are
held in a straight silicon U-groove that is cooled by a
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Fig. 2. (Color online) Design of the MMI fiber laser (the
figure is not to scale).
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water chiller. Most of the SMF-28 fiber segment is
not stripped so that any cladding modes that might
be excited by the modes of the MM fiber are effec-
tively absorbed by the outer coating and diffraction-
limited output is ensured.

The pump source is a 976 nm laser diode array
coupled into an MM pump delivery fiber with a
105 um core diameter, 125 um outer diameter, and
numerical aperture of 0.22. A dichroic coating, which
has high reflectivity (>99.8%) at the laser wave-
length (1535 nm) and high transmission (>92%) at
the pump wavelength (975 nm), is deposited on the
fiber end-facet. The pump delivery fiber is butt-
coupled to the MM active fiber. Note that the length
of the MM phosphate fiber section is precisely con-
trolled to an accuracy of better than 10 um. For a
10 cm long 25 um MM fiber, a length deviation of
10 um results in a transmission maximum shift of
~0.1 nm. A transmission peak ~1535.5 nm is ob-
tained for the test hybrid cavity with a 10.236 cm
long active MM fiber that overlaps well with the
maximum gain of the active fiber.

The output power of this MMI fiber laser as a func-
tion of launched pump power is shown in Fig. 3 as
squares and compared to the signal powers of a free-
running MM fiber laser without an SMF-28 section
(triangles). Both lasers have an active MM fiber sec-
tion of ~10 cm. The MMI fiber laser reaches a maxi-
mum output power of more than 1 W that is limited
by the available pump power. The slope efficiency is
~8.1%, which is very close to 9.2%, the efficiency of
its free-running counterpart MM fiber laser without
an SM section. A part of this difference might be at-
tributed to imperfect splicing between the phosphate
fiber and the silica fiber that results in some coupling
losses. The single-transverse-mode output was con-
firmed by measuring the field distribution and a per-
fect fundamental mode with M2 of 1.01 was observed.
In contrast, M? of a free-running MM fiber laser was
measured to be 2.5 at a low pump level and ~3.5 at
higher pump levels.
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Fig. 3. (Color online) Output power as a function of

launched pump power for an MMI fiber laser as shown in
Fig. 2 (squares) and a free-running MM fiber laser
(triangles).
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The spectrum of a free-running MM fiber laser and
that of the MMI laser at different pump levels are
plotted in Fig. 4. In contrast to the broadband and
multiwavelength operation of the free-running MM
fiber laser, we observe only a single MMI laser emis-
sion peak with a 3 dB bandwidth clearly below
0.5 nm. Small bandwidth, single-peak emission indi-
cates the spectral filtering effect of MMI during an
in-phase operation [15] and the implications of the
particular gain profile of a heavily Er/Yb codoped
phosphate fiber as shown in Fig. 1. It is also observed
that the emission peak moves toward shorter wave-
lengths and the bandwidth slightly broadens with an
increase in pump power. The blueshift of the laser
peak should result from the increased MM fiber
length owing to thermal expansion at high pump lev-
els. Some spectral broadening may be caused by a
larger number of oscillating longitudinal laser
modes.

It is worth noting here that, in all previous
schemes of mode discrimination in fiber lasers with
MM sections [3-9], only the fundamental mode of the
MM section oscillates in the fiber laser cavity. In our
MMI fiber laser, however, several transverse modes
oscillate in the MM fiber section and constructively
interfere at the splice point between the SM and MM
fiber sections where they are transformed into the
fundamental mode of the SMF. Therefore, the active
mode volume of our MMI fiber laser is significantly
increased compared to any fundamental-mode selec-
tion technique. In the test MMI fiber laser, three
modes (LPy;, LPgy, and LPy3) were excited in the
25 um MM section. Since most of the energy is stored
at modes LPy; (64.4%) and LPy, (31.3%), the interfer-
ence is simple and such an MMI fiber laser is very
easy to construct. As the core size of the MM fiber be-
comes larger, more modes are excited and the inter-
ference will be more complicated [13,15]; however,
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Fig. 4. (Color online) Emission spectra of (a) free-running

MM and (b) MMI fiber lasers at various pump power levels.

self-imaging can still occur at certain MM fiber
lengths and, therefore, MMI fiber lasers utilizing
larger MM core sizes are feasible and will be the sub-
ject of future investigations.

In conclusion, we have demonstrated a new ap-
proach to achieve single-transverse-mode output
from an active MM fiber by utilizing the self-imaging
principle of MMI effects. Efficient and stable
diffraction-limited emission with narrow bandwidth
from an MMI fiber laser has been shown.
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