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Abstract—In this paper, high-power fiber lasers and amplifiers
based on multimode interference (MMI) in active large-core mul-
timode optical fibers are proposed and their properties are inves-
tigated. Experimental results and simulations indicate that such
fiber lasers and amplifiers are promising candidates for high-
power miniature solid-state lasers. Utilization of the MMI leads
to remarkable spectral and spatial features of fiber lasers and am-
plifiers such as generation of high-power diffraction-free beams.

Index Terms—Multimode (MM) waveguides, optical fiber am-
plifiers, optical fiber devices, optical fiber filters, optical fiber in-
terference, optical fiber lasers, optical fiber polarization.

I. INTRODUCTION

POWER scaling of fiber lasers and amplifiers has attracted
considerable interest in recent years because of the increas-

ing demands for high-power or high-energy laser systems for
various applications, including laser pumps, space communica-
tions, industrial welding and cutting, directed energy weapons,
and high-energy physics researches. The two major approaches
to obtain higher power or energy laser systems are either to boost
the power level of a single-element fiber laser or amplifier, or to
increase the element quantities in a beam combining system.

To effectively scale up the output power of a single-element
fiber laser or amplifier, the power limits defined by the onset
of nonlinear effects and optical damages have to be overcome.
Increasing the area of the fundamental mode of the active fiber
has always been the main approach. Single-mode (SM) active
fibers with large mode area (LMA) have been realized either
by precise control of the index step between the core and the
cladding or by exploitation of the unique guiding properties
of microstructured fibers. To date, for instance, 2-kW 1-µm
silica-hosted [1], 10-W 2.78-µm ZBLAN-hosted [2], and 2-W
1.53-µm single-frequency phosphate-hosted [3] SM fiber lasers
have been demonstrated using LMA SM fibers.

Alternatively, SM emission of a large-area fundamental mode
from a multimode (MM) active fiber can be realized by in-
troducing discrimination mechanisms that suppress the high-
order transverse modes more than the fundamental mode.
Fundamental-mode survival can be realized by special fiber
designs [4]–[8] as well as laser cavity designs [9], [10].
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Recently, a new concept to achieve single-transverse-mode
output from a rare-earth-doped MM fiber has been proposed
and demonstrated [11]. Utilizing the self-imaging effect of mul-
timode interference (MMI) in the MM fiber section, SM out-
put was obtained from a highly efficient diode-pumped MMI
fiber laser consisting of a highly Er–Yb codoped phosphate
MM fiber and a conventional SM fiber (SMF-28). In contrast
to other approaches of obtaining SM emission from active MM
fibers [4]–[10], this MMI fiber laser provided a perfect beam
quality (M 2 = 1.01), an efficiency close to that of the MM fiber
laser counterpart, and a narrow emission linewidth. However,
the output of this first MMI fiber laser was limited to watt level
by the active core diameter (25 µm) and the available pump
power. Further power scaling may also be hampered by the low
transition temperature (∼600 ◦C) of the phosphate glass. In this
paper, high-power MMI fiber lasers and amplifiers are proposed
with active large-core (>50 µm) MM silica fibers.

The self-imaging effect of passive large-core (>50 µm) MM
silica fiber has already been investigated and analyzed in de-
tail [12]. Our calculations and experimental results have con-
firmed the feasibility of obtaining efficient single-transverse-
mode emission from active large-core MM fibers. In this paper,
critical features of MMI fiber lasers and amplifiers, such as
slope efficiency, output spectrum, and beam quality, are stud-
ied. Moreover, unique characteristics of MMI fiber lasers and
amplifiers including single-polarization, narrow-linewidth, and
diffraction-free emission are demonstrated.

II. PRINCIPLE OF MMI FIBER LASERS AND AMPLIFIERS

When an arbitrary electromagnetic field is coupled into an
MM waveguide, a specific set of eigenmodes of the MM waveg-
uide is excited and each of them propagates along the waveguide
independently with its own propagation. For the in-phase MMI,
a reproduction of the input field (also called self-imaging) can be
obtained at certain positions where the accumulated phase dif-
ference between any two excited modes is an integer multiple of
2π. Self-imaging in planar waveguides was first demonstrated
by Ulrich and Ankele [13], and was found to be an inherent
property of MM waveguides.

The self-imaging effect in MM waveguides implies that for
an SM field incident on the input facet of an active MM waveg-
uide, in-phase MMI results in an amplified SM field at the self-
imaging plane in the MM waveguide. Applying self-imaging
to obtain SM emission from an active MM planar waveguide
has been proposed and demonstrated as a route to overcome the
constraints of an active SM waveguide [14]–[19].

Although MMI in cylindrical optical fibers is more compli-
cated than that in planar waveguides, perfect self-imaging of the
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Fig. 1. Transmission spectra of two MMI structures consisting of a 100-cm-
long 50-µm-core fiber (solid blue line) and a 20-cm-long 105-µm-core fiber
(dashed red line) segment that is spliced in between two SMF-28 SM fiber
segments.

Fig. 2. Depiction of the proposed high-power MMI fiber laser in which the
SM fiber is employed as the output fiber.

input SM field occurs when only a few modes are excited in the
MM fiber segment [11], [12]. In analogy to MMI planar waveg-
uide lasers, an efficient MMI fiber laser with diffraction-limited
output has been demonstrated [11]. However, the core diameter
of the active MM fiber was only 25 µm, which is close to core
sizes of active SM fibers with low numerical aperture (NA). To
boost the output of MMI fiber lasers, a larger core of the MM
fiber is essential, in particular for silica fibers with relatively low
rare earth doping levels.

When the corediameter of the MM fiber is larger than 50 µm,
perfect self-imaging of the input field from a standard SM fiber
(SMF-28) becomes practically impossible. However, a quasi-
reproduction of the input field can still occur with a large self-
imaging quality factor [12]. A typical transmission spectrum of
an MMI structure consisting of a 100-cm-long MM silica fiber
segment with a core diameter of 50 µm between two SMF-
28 fibers is shown in Fig. 1 (the solid blue line). For certain
wavelengths (with high transmission), self-imaging of the input
SM field occurs and the propagation loss at the self-imaging
wavelength is about 1.7 dB. When a 20-cm-long fiber segment
with 105-µm core is used instead, the transmission spectrum
shown in Fig. 1 (the dashed red line) changes considerably.
Self-imaging is less frequent, but the propagation loss at the
self-imaging wavelength of ∼1520 nm is only about 1.2 dB.
Therefore, an MMI fiber laser cavity with low round-trip loss can
still be constructed by splicing an SMF-28 fiber to a rare-earth-
doped large-core MM fiber, as shown in Fig. 2. The MM pump
delivery fiber is butt-coupled to the active MM fiber. A dielectric

mirror that has high reflectivity at the lasing wavelength and high
transmission at pump wavelength is deposited on the facet of
the pump delivery fiber.

III. FEATURES OF MMI FIBER LASERS AND AMPLIFIERS

The self-imaging in passive large-core MM fibers has been
investigated in detail in [12], and based on these previous re-
sults, high-power MMI fiber lasers and amplifiers utilizing ac-
tive large-core MM fibers have been predicted. In this section,
high-power MMI fiber lasers and amplifiers are demonstrated
and their most important features are discussed.

A. Efficiency of MMI Fiber Lasers

When the MM fiber has a small core and a short length, the
efficiency of an MMI fiber laser is very close to that of the corre-
sponding MM fiber laser [11]. As the core diameter or the length
of the MM fiber increases, the cavity loss will increase due to
imperfect self-imaging and larger random mode conversion. To
understand how these two factors affect the operation of an MMI
fiber laser, the power distribution inside the fiber cavity, and the
slope efficiency of an MMI fiber laser and its MM fiber laser
counterpart can be investigated through simulations by comb-
ing a Rigrod analysis and a Digonnet model [20]. Although the
cavity configuration and the oscillating modes inside the MM
fiber segment are not identical for the MMI fiber laser and the
MM fiber laser, we assume that this does not change the lasing
dynamics, and our simulation based on effective absorption co-
efficients, cross sections, and excitation lifetimes is applicable
to compare slope efficiencies between the MMI and MM fiber
lasers.

In order to obtain high power from an MMI fiber laser, the
parameters of a low-loss MM silica fiber codoped with Er and
Yb ions are used in our calculations. According to the proposed
setup of an MMI fiber laser shown in Fig. 2, the reflectivities of
the cavity mirrors are R1 = 99% and R2 = 4% for the dielectric
mirror and the cleaved SM fiber end facet, respectively. Using a
Rigrod analysis and a Digonnet model, the governing equations
for forward power P+(z) and backward power P−(z) in the
cavity can be expressed as follows:

dP+(z)
dz

=
σsτf

hνp
αaPp(z)

Fp

Af

P0 + P+(z)
1 + (P+(z) + P−(z))/Ps

− (αL + αmc)P+(z) (1)

dP−(z)
dz

= −σsτf

hνp
αaPp(z)

Fp

Af

P0 + P−(z)
1 + (P+(z) + P−(z))/Ps

+ (αL + αmc)P−(z). (2)

In these equations, z represents the position in the fiber
cavity. The pump power propagates according to Pp(z) =
Pp(0) exp[−(αa + αp)z] after Pp(0) is launched into the MM
fiber section. Here, αa is the effective absorption coefficient and
αp is the background loss of the fiber at the pump wavelength
of 975 nm, αL is the background loss at the laser wavelength
of 1535 nm and αmc is the loss due to the random mode con-
version, Af is the cross-sectional area of the fiber core, σs the
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stimulated cross-section, τf the excitation lifetime of the upper
laser level, hνp the pump photon energy, hνL the laser pho-
ton energy, Fp the spatial overlap integral between pump and
signal modes, Ps = (hνL/σsτf )Af the saturation output power,
and P0 = NhνL(π∆νL/2) the spontaneous emissions associ-
ated with N photons in the gain bandwidth ∆νL .

The fourth Runge–Kutta method was used to do iterative
calculations to solve the coupled differential equations for for-
ward and backward powers in a cavity of length Lf . By us-
ing the boundary conditions P+(0) = R1P

−(0) and P+(Lf ) =
R2P

+(Lf ), the boundary values in our simulations are given
by, as shown (3), at the bottom of this page.

In addition, self-imaging quality at the splicing point zsp is
assumed leading to P+

SM(zsp) = ηP+
MM(zsp) and P−

MM(zsp) =
P−

SM(zsp). PSM is the power inside the SM fiber, PMM is the
power inside the active MM fiber, and η is the power coupling
efficiency from the MM fiber to the SM fiber.

The values of the parameters used in our simulations were set
as αp = 6.5 × 10−2 m−1 ; αL = 3.2 × 10−2 m−1 ; σs = 5.7 ×
10−25 m−3 ; τf = 11 ms; and Fp = 0.95 for the MM fiber. The
effective absorption coefficient αa has been calculated from
the core absorption divided by the ratio between the area of
the pump cladding and the area of the core. Although a core
absorption of 1000 dB/m can be achieved in an Er–Yb codoped
silica fiber and such a fiber laser has resulted in a slope efficiency
of 41% [21], in our calculation, the core absorption coefficient
is set to be 300 dB/m since it is large enough for an MMI fiber
laser. This absorption can be adjusted and optimized by varying
the Yb doping level in the active fiber core.

It is assumed that a commercial 105-µm-core fiber-coupled
laser diode with an output power of 75 W is employed as the
pump source. When a 50-µm MM fiber was used in the MMI
structure, the loss due to mode conversion was measured to
be 1.28 dB/m and η was −0.5 dB [12]. In Fig. 3, the forward
power and the backward power inside the MMI fiber laser that
consists of a 50-cm-long active MM fiber and a 10-cm-long
SMF-28 fiber are plotted. For comparison, the forward power
and the backward power inside the 50-cm-long MM fiber laser
without the SMF-28 section are also plotted. Obviously, the
powers inside the MM fiber segment of the MMI fiber laser
are smaller than those of the MM fiber laser due to the loss of
random mode conversion, and the output power of the MMI
fiber laser is further reduced due to the imperfect self-imaging.

When a 105-µm MM fiber is used in the MMI structure, the
loss due to mode conversion was measured to be 1.67 dB/m
and η was −1 dB [12]. In Fig. 4, the forward power and the
backward power inside the MMI fiber laser that consists of a
50-cm-long MM active fiber and a 10-cm-long SMF-28 fiber,
and inside the corresponding 50-cm-long MM fiber laser are
plotted. Due to mode conversion and imperfect self-imaging,
the output power from the MMI fiber laser is only 65% of that
of the corresponding MM fiber laser.

Fig. 3. Forward powers (solid lines) and backward powers (dotted lines) inside
an MMI fiber laser that consists of a 50-cm-long 50-µm active MM fiber and a
10-cm-long SMF-28 fiber (blue), and inside its corresponding 50-cm-long MM
fiber laser (red).

Fig. 4. Forward powers (solid lines) and backward powers (dotted lines) inside
an MMI fiber laser that consists of a 50-cm-long 105-µm active MM fiber and a
10-cm-long SMF-28 fiber (blue), and inside its corresponding 50-cm-long MM
fiber laser (red).

In Fig. 4, it is clear that the pump is almost absorbed within the
first 10 cm of active fiber because of the effective core pumping
scheme. Therefore, the length of the 105-µm active MM fiber
segment can be as short as 10 cm. For this case, the forward
powers and the backward powers inside the MMI fiber laser
and the corresponding 10-cm-long MM fiber laser are plotted

P+(Lf ) =
−P0(1 + R2) +

√
P 2

0 (1 + R2)2 + 4R2P−(0)(P0 + R1P−(0) + P0R1)
2R2

(3)
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Fig. 5. Forward powers (solid lines) and backward powers (dotted lines) inside
an MMI fiber laser that consists of a 10-cm-long 105-µm active MM fiber and a
10-cm-long SMF-28 fiber (blue), and inside its corresponding 10-cm-long MM
fiber laser (red).

Fig. 6. Output power with respect to the pump power for an MMI fiber laser
that consists of a 50-cm-long 50-µm (circles) or 105-µm active MM fiber
(downward triangles) and a 10-cm-long SMF-28 fiber and their corresponding
50-cm-long MM fiber lasers (squares and upward triangles, respectively).

in Fig. 5. Note that the output power of the 105-µm MMI fiber
laser reaches 75% of that of the corresponding MM fiber laser.

When the active MM fiber segment is 50 cm long, the output
power with respect to the pump power for the MMI fiber lasers
and their corresponding MM fiber lasers are plotted in Fig. 6.
Because of the loss due to mode conversion and imperfect self-
imaging, the slope efficiencies of the 50- and the 105-µm MMI
fiber laser are 77% and 65% of those of their corresponding
MM fiber lasers, respectively. In [12], we found that the mode
conversion and the self-imaging quality can be improved via an
SM fiber with a larger mode field diameter (MFD). When an
SM fiber with an MFD of 23 µm (LMFD-10) was used, the loss
due to the random mode conversion was only 0.5 dB/m [12].

Fig. 7. Output power with respect to the pump power for an MMI fiber
laser that consists of a 10-cm-long 105-µm active MM fiber and a 10-cm-
long SMF-28 fiber (triangles) or a 10-cm-long LMFD-10 fiber (circles) and the
corresponding 10-cm-long MM fiber laser (squares).

In Fig. 7, the output power with respect to the pump power
for a 10-cm-long 105-µm MM fiber laser, an MMI fiber laser
consisting of the 10-cm-long 105-µm MM fiber and a 10-cm-
long SMF-28 fiber, and an MMI fiber laser consisting of a
10-cm-long 105-µm MM fiber and a 10-cm-long LMFD-10
fiber are plotted. When the SMF-28 fiber is used, the slope
efficiency is 76% of the corresponding MM fiber laser. When
the LMFD-10 fiber is used, the slope efficiency is increased to
87% of the corresponding MM fiber laser. We believe that the
efficiency of the MMI fiber laser can be much closer to that of its
corresponding MM fiber laser if the random mode conversion
and the self-imaging quality are further improved. It is noted
that, because of the filtering effect of the MMI as shown in
Fig. 1, the amplified stimulated emission inside an MMI fiber
should be restrained significantly.

B. Spectrum of MMI Fiber Lasers

Due to the filtering effect of MMI, the output spectrum of
an MMI fiber laser always exhibits a unique feature—the MMI
fiber laser oscillates only at wavelengths that satisfy the self-
imaging condition. Therefore, the output spectrum of an MMI
fiber can be tuned by changing the length of the MM fiber
segment. In the first MMI fiber laser [11], a spectrum with one
peak was observed as shown in Fig. 8. In comparison, a typical
spectrum of an MM fiber laser is also plotted. Since there is
no self-imaging around 1543 nm, there is no oscillation of the
MMI laser at this wavelength. When an active MM fiber section
with a length of 15 cm was used in the same MMI laser setup,
a spectrum with two peaks was observed as shown in Fig. 9.
Both experiments show that the output spectrum from an MMI
fiber laser can be tailored through the length of the MM fiber
section.
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Fig. 8. Spectrum of an MMI fiber laser that utilizes a 10-cm-long 25-µm
Er–Yb codoped phosphate fiber (solid red line) and that of the corresponding
MM fiber laser (dashed blue line).

Fig. 9. Spectrum of an MMI fiber laser that utilizes a 15-cm-long 25-µm
Er–Yb codoped phosphate fiber.

Fig. 10. Depiction of the proposed high-power MMI fiber amplifier in which
the MM fiber is employed as the output fiber.

C. Beam Quality of MMI Fiber Lasers and Amplifiers

When a standard SM fiber is used as the output fiber as shown
in Fig. 2, the output beam is strictly diffraction-limited and the
beam quality (M 2) is equal to that of the SM fiber and can
reach 1. In contrast to other methods of obtaining SM emission
from MM active fiber, MMI fiber lasers not only offer a perfect
beam quality, but also provide a flexible connectivity by using
a standard SM fiber as the output delivery fiber.

On the other hand, an MMI fiber amplifier can also operate in
a configuration shown in Fig. 10 in which the MM active fiber
itself serves as the output fiber. In this case, the output power will

Fig. 11. Beam profiles of the proposed high-power MMI fiber amplifiers
depicted in Fig. 10. (a) M 2 was about 1.1 when a 50-µm MM fiber was used.
(b) M 2 was about 1.3 when a 105-µm MM fiber was used.

be very close to that of the corresponding MM fiber laser. But
the beam quality may be ruined due to imperfect self-imaging
and random mode conversion. In order to investigate the beam
quality of the output in this situation, a tunable semiconductor
was employed as the input signal and a passive MM fiber was
used to replace the active MM fiber. As shown in Fig. 11(a),
the beam quality of the output at the self-imaging wavelength
reached about 1.1 when a 50-µm MM fiber was used. When a
105-µm MM fiber was used, the beam quality of the output at the
self-imaging wavelength was slightly worse, but still reaching
about 1.3. It is noted that the M 2 measurement is truly meaning-
ful only when the signal is at the self-imaging wavelength where
near-Gaussian beams are generated. At other wavelengths, the
output beam from the MM fiber exhibits a complicated profile
with special propagation properties that will be discussed in
Section V.

IV. SINGLE-POLARIZATION OUTPUT FROM AN MMI
FIBER LASER

In the next two sections, two applications based on the
unique properties of MMI in optical fibers are proposed and
demonstrated. The first is single-polarization emission with nar-
row linewidth and the second is the generation of high-power
diffraction-free beams.

In general, to obtain single-polarization output from an all-
fiber laser, a single-polarization SM fiber that guides only a
single polarization state of the fundamental mode must be used.
However, utilizing the spectral filtering effect of MMI, single-
polarization SM emission can be obtained from an active MM
fiber combined only with a polarization-maintaining fiber Bragg
grating (PMFBG) without any other polarizing element.

A PMFBG is fabricated by writing the FBG onto a highly
birefringent SM fiber. The transmission spectrum of a PMFBG,
shown by a dotted green line in Fig. 12, always has two minima
(two reflection peaks), which correspond to the two orthogonal
linear polarization states. As a consequence, when the PMFBG
is spliced with a conventional active SM fiber, a spectrum with
two narrow-linewidth peaks is usually obtained and the output is
randomly polarized. However, it is found that when the PMFBG
was spliced to the output SMF-28 fiber in the MMI laser scheme
of Fig. 2, a linearly polarized output with a 3-dB linewidth less
than 0.1 nm was obtained. The linearly polarized output was
verified by measuring the signal power through rotating a Glan–
Taylor polarizer, and a polarization extinction ratio of about
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Fig. 12. Transmission spectra of a PMFBG (dotted green line) and an MMI
structure consisting of a 20-cm-long 25-µm Er–Yb codoped MM phosphate
fiber and two SMF-28 fibers (dashed line), and the output spectrum of an MMI
fiber laser operating at single polarization state (solid red line) and random
polarization state (short dashed line).

21 dB has been measured along the two orthogonal directions.
The emission spectrum of the single-polarization-state operation
is shown as a solid red line in Fig. 12. The emission peak is
exactly correlated to one of the reflection peaks of the PMFBG.

The observed single-polarization-state operation is a direct
consequence of the MMI filtering effect. The transmission spec-
trum of the MMI structure corresponding to the MMI fiber laser
is shown by a dashed black line in Fig. 12. The overlap of the
transmission peak of the MMI structure with the longer wave-
length reflection peak of the PMFBG prevents the oscillation at
the other shorter wavelength reflection peak and leads to single-
polarization-state operation. Interestingly, when the pump de-
livery fiber is displaced a few tens of micrometers away from the
in-contact butt-coupling position, an output spectrum with two
peaks separated by about 0.4 nm was observed and is shown by
a short dashed line in Fig. 12. Consequently, the output became
randomly polarized. This phenomenon is caused by a shift of
the MMI transmission peak into the center between the two re-
flection peaks of the PMFBG due to the longer MMI cavity [12].
In this situation, both polarization states were able to reach the
lasing threshold and oscillate in the MMI laser cavity. Single-
polarization-state operation at the shorter reflection peak of the
PMFBG can also be obtained by moving the pump delivery fiber
even further away. However, the output power becomes much
lower because of the poor coupling of the pump light.

When the MM fiber length was accurately controlled, sin-
gle polarization state was maintained even at the maximum
pump level. The linearly polarized signal power as a function of
pump power is shown in Fig. 13. The 7.9% slope efficiency of
the MMI fiber laser in single-polarization operation (circles) is
only slightly less than that of its randomly polarized MMI fiber
laser counterpart (squares) and the MM fiber laser counterpart
(triangles). The single-polarization-state operation of this MMI
fiber laser may be more difficult to maintain as the pump power
becomes much higher. However, when a larger core or a longer
active MM fiber laser is used, single-polarization-state opera-

Fig. 13. Output power with respect to the launched pump power of an MMI
fiber laser operating at single polarization state (green circles), its randomly
polarized MMI fiber laser counterpart (red squares), and its MM fiber laser
counterpart (blue triangles).

tion with much higher output is still possible since the filtering
bandwidth of the corresponding MMI structure becomes nar-
rower and the filtering isolation becomes much larger [12].

V. HIGH-POWER DIFFRACTION-FREE EMISSION

Diffraction-free beams, mainly represented by Bessel beams,
can propagate in free space without significant beam spreading
for a distance much longer than the normal Rayleigh range of a
Gaussian beam [22], [23]. Bessel beams have attracted substan-
tial interest because of their applications in optical guiding and
manipulation, atomic optics, and nonlinear optics [23].

Excitingly, when we investigated the evolution of the intensity
profile of the beam coming from a passive MMI device similar
to the MMI fiber amplifier depicted in Fig. 10, diffraction-free
propagation of the beam was observed. Here, we give a brief
illustration of this effect and propose an active MMI device sim-
ilar to that in Fig. 10 that can be utilized to generate high-power
diffraction-free emission. A detailed analysis is in preparation
and will be reported elsewhere [24].

Due to the mode orthogonality, only LP0,n modes are excited
in the MM fiber segment when the input field is LP0,1 mode
(the fundamental mode of an SM fiber). The fields of the LP0,n

modes in the fiber core are represented by apertured zero-order
Bessel functions. Therefore, the MMI in the MM fiber can also
be treated as the interference of Bessel fields and the output beam
from the MM fiber is the superposition of Bessel-like beams.
As analyzed and illustrated in [24], the higher the order n of the
LP0,n modes, the closer the resemblance of a true Bessel beam.
It is also found that the larger the core diameter of the MM fiber,
the higher the LP0,n modes are excited [12], [24]. Therefore,
when a large-core MM fiber is used in the MMI device shown in
Fig. 10, the intensity evolution along the propagation direction
exhibits an almost diffraction-free behavior.

For instance, when a single-frequency signal of 1570 nm from
an SMF-28 fiber was launched to a 10-cm-long 50-µm MM fiber,
the intensity profiles of the beam at selected distances from the
MM fiber facet are shown in Fig. 14 (upper eight pictures). For
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Fig. 14. Intensity profiles of the beam coming from a 50-µm MMI structure
(upper pictures) and that from an SMF-28 fiber (lower pictures) at selected
distances from the fiber facet.

Fig. 15. Peak intensity of the central spot with respect to the distances from
the fiber facet for the beam coming from a 50-µm MMI structure (square) and
that from an SMF-28 fiber (circle).

comparison, the intensity profiles of the beam from the SMF-28
fiber are also shown in Fig. 14 (lower four pictures). Clearly, the
propagation of the beam from the MMI fiber device exhibits a
much smaller diffraction. The peak intensity of the central spot
versus the propagation distance for the two cases is plotted in
Fig. 15. For the beam coming from the SMF-28 fiber, the peak
intensity reduces to a half value after propagating ∼100 µm as
a consequence of diffraction. However, for the beam coming
from the MMI fiber device, the peak intensity of the central spot
can be maintained above half of its initial value for propagation
distances of more than 600 µm.

Essentially, in comparison to other fiber devices proposed to
generate diffraction-free beams [25], [26], our fiber device is
not only simple and easy to fabricate, but also power-scalable.
Normally, when a very small central spot size is desired, a small-

core fiber has to be used [24]–[26]. That significantly decreases
the power of the Bessel beam. However, by simply changing
the MM fiber of the MMI structure from passive to active,
as depicted in Fig. 10, high-power, nondiffracting beam can
be obtained through stimulated amplification in the MM fiber.
In other words, the MM fiber segment in the new device car-
ries two functions simultaneously. One is to excite high-order
LP0,n modes and the other is to amplify the excited modes.
Based on our calculations and Limpert’s experiments with rod-
type fiber lasers [27], we believe that tens or even hundreds of
watts of diffraction-free beams are feasible. That may consid-
erably extend the applications of diffraction-free Bessel beams
in nonlinear optics, high-energy physics, atomic optics, and
microfabrication.

VI. CONCLUSION

MMI fiber lasers and amplifiers possess unique features that
make them excellent candidates for compact and miniature
solid-state lasers. Tens or even hundreds of watts of optical
power can be generated from only a few tens of centimeters
long MMI fiber lasers and amplifiers. Moreover, high-power
diffraction-free emissions from MMI fiber lasers or amplifiers
are possible and potentially have many new applications.
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