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Abstract:  We report the first observation of birefringent in-phase
supermode operation of a phase-locked multicore fiber laser. The in-phase
mode operation of our 12-core rectangular-array microstructured fiber laser
was confirmed by the near-field distribution, the far-field diffraction pattern,
and the optica spectrum. The birefringence of the in-phase mode in
propagation constant Ay was measured as ~ 4 x 10°® 1/um. The break of the
polarization degeneracy indicates the possibility of single polarization
operation of phase-locked multicore fiber lasers and amplifiers.
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1. Introduction

Phased laser arrays are often put forward as a means for achieving diffraction-limited output
beams from a number of spatially separated coherent optical sources for applications
including laser pumps, space communications, industrial welding and cutting, directed energy
weapons, and laser induced nuclear fusion. These arrays are valuable alternatives wherever
the required output beam power, brightness, and mode quality cannot be easily obtained from
individual lasers. Agile beam steering and shaping are also potential benefits of coherent
arrays, in analogy to phase-array radar antenna technology. Phase-locked diode lasers [1],
CO, waveguide lasers [2], solid-state lasers [3], and fiber lasers [4] have been demonstrated,
usually shortly after their corresponding individual lasers have been reported.

Although, kW-level single-core fiber lasers [5] have been achieved recently, phase-
locked fiber laser arrays till attract increasing interest due to potential scaling to 10 kW or
100 kW fiber laser systems that can overcome power scaling constraints of single-element
fiber lasers such as nonlinear effects, thermo-optic effects, output power saturation [6, 7], and
optical damage [8]. Multicore fibers (MCFs), introduced by Scifres [9], can mitigate above-
described restrictions on single-element/single-core lasers and provide a convenient and
promising power scaling solution for compact fiber lasers. Phase-locked MCF lasers with
different geometric configurations including 18 cores arranged in aring array [10-12], 6 cores
in a hexagonal array [13], 7 cores or 19 cores in a centered polygona array [13-15], and
antiguiding 5 cores in a linear array [16] have been demonstrated. To the best of our
knowledge, there has been no report on the performance of phase-locked MCF lasers with
multiple cores arranged in a rectangular array. Rectangular-array M CF lasers are expected to
exhibit particular near-field distribution, far-field diffraction pattern, and splitting of
propagation constants, which are different from those of other MCF arrays according to the
array modal analysis using coupled-mode theory [17]. In this paper, we report on the
characteristics of a phased-locked rectangular-array 12-core microstructured fiber laser and
claim the first measurement of birefringence during in-phase mode operation of a MCF laser.

2. Multicore microstructured active fiber and itslasing characteristics

Microstructured fibers possess a specific cross-section that consists of an arrangement of air
holes and rods running the entire length of the fiber. The microstructures not only provide a
means of precisely controlling refractive index profiles [18], photonic bandgap [19], and
dispersion properties [20]; they aso provide the possibility of tailoring the polarization
properties [21] of the fibers due to the large number of free design parameters including
structure morphology, structure dimensions, hole and core profiles. Furthermore, by
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integrating microstructures and multicore configurations, custom-shaped modes of fiber laser
arrays can be devised [22]. Our 12-core microstructured fiber was fabricated by the method of
stack-and-draw. The 12 cores are arranged in a 3 x 4 rectangular array, as shown in Fig. 1(a).
The diameter of individual doped-cores is 8.5 um and that of air holes is about 2 um. The
pitch of the microstructure is 8 um and that results in the periods of the core array to be 14 um
and 16 um in x and y directions, respectively. The refractive index of the core is 1.5698 and
that of the cladding is 1.5690. This microstructure results in 12 individual cores with a
numerical aperture of 0.16 and a modal field diameter of 11 um. Therefore, the effective
modal area of the whole structure is 1140 um?. The individual cores are co-doped with 1 wt%
Er,0O; and 2 wt% Yb,0s, respectively. The MCF has an outer diameter of 125 um which
enables directly end-pumping by a multimode fiber coupled diode laser.

For pump powers below the lasing threshold individual cores emit only spontaneous
emission and operate to a large extend separately, resulting in nearly identical intensities of
individual cores as shown in Fig. 1(b). In contrast, when pumping the M CF above the lasing
threshold, individual cores do not operate separately any more. In this case, the cores interact
due to evanescent coupling between neighboring cores, and the intensity of individua cores
has an uneven distribution which reflects a combined near-field pattern of several lasing
supermodes, shown in Fig. 1(c).

Fig. 1. Microscopic images of the output facet of a 12-core microstructured Er/Yb co-
doped phosphate fiber laser when (a) without pumping, (b) spontaneous emission, and
(c) stimulated emission.

Fig. 2. Far-field intensity distribution of a free-running 12-core microstructured Er/Yb co-
doped phosphate fiber laser. (a) Pattern image, (b) 3-D description of (a).

According to the modal analysis of laser arrays [17, 23, 24], in a laser array with N
elements, the interaction among the elements results in the formation of a set of N supermodes,
each being a linear superposition of the individual cores modes. Therefore, there exist 12
supermodes (neglecting polarization effects) for the 12-core microstructured fiber laser.
Without any modal selection mechanism, however, supermodes with higher gain and lower
cavity round trip loss are mogt likely to emit in afree-running MCF laser. The typical far-field
pattern of a free-running 12-core microstructured fiber laser is shown in Fig. 2. The far-field
distribution is characterized by multiple peaks, in striking contrast to an incoherent addition of
12 individual lasers. The pattern indicates the oscillation of several supermodes, resulting in
wide diffraction and a beam profilethat is of little practical use.
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3. Experiments and analyses of in-phase super mode oper ation

The fundamental supermode, corresponding to adjacent cores emitting in phase (therefore also
caled in-phase supermode), is the most desired emission mode of a laser array, because its
far-field beam pattern is single-lobed centered around zero degree. Laser operation in the
fundamental supermode within tailored external cavities can be enforced using spatia filters
[10, 11], output couplers [13, 14], and waveguides [12, 15] by utilizing the fact that field
distributions and diffractive losses are different among the supermodes. In our experiment, an
output coupler with transmission of 54% at laser wavelength was placed after the MCF and
modal selection was readlized by tuning the output coupler. The experiment setup for
investigating the performance of the 12-core microstructured fiber laser with in-phase
oscillation is schematically depicted in Fig. 3. A multimode pump delivery fiber, with a
dichroic coating (HR @ 1535 nm and HT @ 974 nm) deposited on its facet, was butt-coupled
to the MCF. The near-field and far-field patterns of the MCF laser were recorded by an
infrared CCD camera.

Dichroic
Mirror

— 4

Pump Delivery Fiber

Multicore microstructured Er/Y'b Co-doped Fiber  Output Coupler

Fig. 3. Experimental setup for the phase-locked 12-core microstructured Er/Yb co-doped
phosphate fiber laser.

Similar to previous analyses of diode laser arrays, we can use the coupled-mode theory
[17, 23, 24] to analyze the performance of the 12-core rectangular-array MCF laser. Under the
assumption that all individua cores are identical, the near-field distribution of the
fundamental in-phase supermode of a3 x 4 laser array can be expressed by

s , 1

EX Y (xy.2)= X 3 dn ['%)s‘n [ms—”)EoéWx— X ¥ = Y )e 7 M

where X and Y represent the two orthogona polarization fields, | and m are the core unit

indices, Eoo"(X-Xim Y-Yim) is the field distribution of individual cores, and y,7*" is the

polarization dependent propagation constant of the fundamental supermode, which can be
written as

@

ya = B+ k)Y cos [%J+ K S cos [%j '
where B*Y is the propagation congtant of the individual core; 1Y and 1, are the coupling
constants between two neighboring cores in X and y directions, respectively. The far-field
intensity distribution of the fundamental supermode can be written as
“y _ [sin[ 3(S, +x/4)12] sl 3(S, - x/4)/12]]"
'n (e'm_{sin[( S, +7/4)12] * sin[( sx—n/4)/2]} ’ )
s 4(S, + 7/5) /2] sin[ 4(S, - x/5)/2] 2| x¥ (g
sn( S, + z/5)/2] sn( S, - z/5)/2] " (0.9)
where s =k p, sindcosgs S, =k,p, Sindsing p, and pyarethe periods of the core array in x and y
directions, respectively, and | X ¥ (g ,¢) is the far-field intensity distribution of an

individual core.

The near-field distribution of the phased MCF laser, shown in Fig. 4(b), was recorded by
imaging the output facet of the MCF to the CCD camera with a magnifying lens. The
distributions of two selected cross-sections along x and y direction [along the linesin Fig. 4(b)]
is shown in Figs. 4(a) and (c), respectively. The experimentally obtained distributions are in
good agreement with theoretical results for the in-phase supermode obtained from Eqg. (1).
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The far-field pattern was recorded on a screen 11 cm away from the output facet and its
distributions are shown in Figs. 5(a) — (c). The angle spreads, which are taken the full width at
half maximum (FWHW), along x and y directions are 36 and 27 mrad, respectively. Optical
spectra were also measured to further characterize free-running vs. in-phase supermode
operation. As shown in Fig. 6, in-phase supermode operation gives a narrower emission
spectrum than free-running operation does. The output power during in-phase supermode
operation was also measured as a function of pump power. The slope efficiency was about
10% and the maximum output was 2.6 W.
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Fig. 4. Near-field distribution of the phase-locked 12-core microstructured Er/Yb co-
doped phosphate fiber laser. (a) Profile along x direction, (b) near-field image, (c)
profilealong y direction.
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Fig. 5. Far-field intensity distribution of the phase-locked 12-core microstructured Er/Yb
co-doped phosphate fiber laser. (a8) Far-field pattern, (b) diffraction profile along x
direction, (c) diffraction profile aong y direction.

To evauate the polarization mode splitting, the radio frequency (RF) spectrum of the
output, i.e., beating signals generated by interference between various longitudinal modes, has
been measured. Longitudinal mode beating (LMB) signals, generated by interference between
modes of the same polarization field, tell us the free spectral range Av vs = ¢/(2ngL), while
polarization mode beating (PMB) signals, generated by interference between modes of two
polarization fields, can tell us the polarization mode splitting in frequency Avpyg =
CANg/(Mness). All RF signals can be recorded, as shown in Fig. 7, with a RF spectrum analyzer.
To note, the 744 MHz signal, paired with the zero frequency component, corresponds to
Avivs; and the signals at 120, 624, and 864 MHz are generated by PMB. This indicates that
the in-phase mode is split into two non-degenerate polarization states and Avpyg is 120 MHz.
The corresponding birefringence Ang: can thus be obtained by Angs = AvpysM (Av mgl). The
effective group index birefringence is ~10° and the corresponding propagation constant
birefringence, namely, Ay = 2nAng/X, is ~4 x 10° 1/um. However, according to Eq. 2, the
polarization mode discrimination can be caused by polarization dependence of either the
propagation constant 3 of individual cores or the coupling coefficient x, and x,. Although a
birefringence value is measured here, it remains to be identified whether it is induced by the
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birefringence in individual cores or by the asymmetry of the rectangular array and the
microstructured fiber cross-section.

Though in-phase operation has been demonstrated in different MCF lasers and amplifiers
[10-16], we are not aware of any similar investigation related to the polarization properties of
MCFs. Polarization and birefringence are, however, very important for many applications
where polarization maintenance or single polarization is required within a multicore power-
scaling approach. Our first direct measurement of birefringent in-phase operation of a MCF
laser inspires an impetus to tailor the polarization properties of future multicore fiber lasers
and amplifiers. A tailored multicore pattern can also be combined with more traditional
approaches including asymmetric stresses in the cladding or dlliptical individual cores[21] to
further enhanced the birefringence of MCFs.
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Fig. 6. Optical spectra of free-running (dashed line) and in-phase operation (solid
line) of the 12-core microstructured Er/Y b co-doped phosphate fiber laser.
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Fig. 7. RF spectrum of the LMB and PMB signals showing two non-degenerated, polarized
in-phase supermodes emitted by the 12-core microstructured Er/Y b phosphate fiber laser.

4. Conclusion

We have analyzed free-running and in-phase operation of a 12-core rectangular-array
microstructured fiber laser. The agreement between experimental results and theoretical
calculations confirmed the in-phase operation of the MCF laser. Through fiber and cavity
design we can tailor the beam profile and emission pattern of the MCF laser. Our observed
birefringence of the in-phase supermaode indicates the possibility of polarization maintaining
MCF and single polarization, high-power M CF lasers and amplifiers.
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