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cladding [19]. The MCF CBC architecture has an advantage

over equivalent systems of single-core fibers, as the cores are

inherently arranged into a dense array without the need for indi-

vidual beam alignment. While large arrays of independent fibers

require many independent subsystems for pumping, cooling, and

electrical power, MCFs enable the integration of these systems

for more efficient use of energy and laboratory space. In the

context of ultrafast CBC, numerical studies predict that a 1-m

10× 10 MCF could generate more than 10 kW of average power

and 400 mJ pulse energy in a water-cooled system [20]. In this

study, the energy limit was a self-imposed “worst-case” scenario

dictated by nonlinear effects in stretched ultrafast pulses and not

by stored energy in the simulated MCF. The energy scaling

potential of MCFs has been experimentally demonstrated using

Yb-doped rod-type MCFs with large multimode cores and a

tapered geometry which enables mode area scaling [21]. This

experiment achieved 49 mJ total energy in 30-ns pulses and is

promising not only for CBC, but also for applications which

can be driven by high-energy incoherent superposition of laser

light. Specifically, large diode arrays are used to pump high-

energy solid-state systems [22], and MCF systems with densely

integrated arrays of active cores could similarly address this

application in spectral regions and operating regimes which are

incompatible with diode systems.

The frequency-doubled bulk solid-state systems described

above which have been considered for Ti:sapphire pumping gen-

erally operate with pulse durations of the order of nanoseconds.

For pulsed laser pumping, this is a convenient operating regime,

as there is no requirement for chirped pulse amplification, peak

power is relatively high for efficient SHG, and pulse genera-

tion can be accomplished with modulation of a low-power front

end or direct Q switching. There are limited demonstrations

of ns-class SHG of 1-µm fiber lasers available in literature. A

2011 experiment using a simple Q-switched rod-type fiber laser

achieved 48% SHG efficiency with 1-mJ, 13-ns pulses [23]. A

more recent demonstration achieved 1-mJ, 35-ns SHG pulses

with 70% efficiency using a front-end pulse-shaping system to

optimize conversion efficiency [24], although the integration of

this functionality required the use of several intermediate ampli-

fication stages. At least one example of MCF SHG exists in the

literature, based on a 7-core Q-switched MCF with coupled cores

which achieved a conversion efficiency of 7% and a maximum

pulse energy of 17 µJ [25]. In this Letter, frequency doubling

of a Q-switched oscillator-amplifier system based on a 4× 4

Yb-doped tapered MCF is described. These proof-of-concept

experiments demonstrate a fiber-based green laser architecture

which is natively suitable for efficient high-repetition-rate (kHz

or greater) operation. The energy scalability is enhanced by

the integration of many parallel waveguides into a single fiber.

Additionally, the tapered fiber design scales the waveguide area

with improved beam quality and less variation in beam quality

among the multimode cores. This feature improves the genera-

tion efficiency and the beam quality of the frequency-doubled

beams.

A schematic of the rod-type MCF laser system and frequency-

doubling stage is shown in Fig. 1. The MCF master-oscillator

power-amplifier (MOPA) was a modified version of the system

described in Ref. [21], consisting of a Q-switched 4× 4 MCF

oscillator and a tapered MCF amplifier using fibers from the

same preform. The amplifier fiber input section was tapered

from a 50-µm core diameter to a 19-µm core diameter over

20 cm, and the tapered section was used as the amplifier input,

Fig. 1. Schematic of a Q-switched MCF oscillator, tapered MCF

amplifier, and SHG stage. The inset at right depicts wave plate

arrays used for polarization control in the amplifier. VBG: vol-

ume Bragg grating mirror, FR: 45-degree Faraday rotator, POL:

polarizer, QWP: quarter-wave plate, PC: Pockels cell, OC: output

coupler, HWP: half-wave plate, LBO: lithium triborate crystal, ISO:

isolator, HWPA/QWPA: half- and quarter-wave plate arrays, respec-

tively. The 976-nm pump beams, 1030-nm fundamental beams,

and 515-nm SHG beams are depicted in violet, red, and green,

respectively.

as depicted in Fig. 1. The rest of the fiber maintained a con-

stant 50-µm core diameter, with a total fiber length of 75 cm,

shortened from the original 98-cm length used in Ref. [21] after

fiber damage. The oscillator and amplifier were continuously

pumped with 976-nm fiber-coupled diodes. For efficient SHG,

narrowband operation was accomplished with a reflective vol-

ume Bragg grating (VBG) used as a cavity end mirror. The

center wavelength of the modified oscillator was 1030 nm with

an FWHM bandwidth of 0.5 nm. The amplifier was seeded with

pulse energy of 200 µJ/core with a pulse duration of 12 ns.

The MCFs used in these experiments exhibit birefringence

which varies between cores and thus require polarization control

to achieve uniform output polarization from both the oscillator

and amplifier. To compensate for this, the oscillator includes

Faraday rotators in the free-space sections [26], producing a

linearly polarized oscillator output with uniform powers from

the MCF cores and enabling isolation between the oscillator

and the amplifier. To produce uniform output polarization of

the amplifier for efficient frequency doubling, arrays of half-

and quarter-wave plates were inserted between the oscillator

and amplifier, with appropriate telescopes for magnification and

demagnification of the beam array. By manually adjusting the

waveplates during passive transmission of the seed, the total

transmission through a thin-film polarizer (TFP) placed after

the amplifier fiber could be optimized to 92% (10.6 dB PER),

which was maintained during amplification. The reflected s-

polarized light contained mostly higher-order fiber modes, as

these modes experience different birefringence levels than the

fundamental mode.

A 6× 6× 30 mm3 LBO crystal was used for SHG after the

amplifier. The crystal was cut for type I non-critical phase match-

ing (NCPM) (θ = 90°,Φ= 0°) and heated with a crystal oven to

a nominal temperature of 190°C. The calculated spectral accep-

tance FWHM at 1030 nm for this crystal is 2.3 nm, significantly

larger than the MCF system’s 0.5 nm bandwidth. The output

facet plane of the MCF amplifier was relayed to the crystal and

magnified by a factor of 3.75 (imaged core diameter of 188

µm). In this configuration, the fundamental beams are parallel

in the crystal and thus their propagation angles are identical.

The angular acceptance bandwidth of type I NCPM in LBO at

1064 nm has been measured at 72 mrad·cm1/2 and 99 mrad·cm1/2

for the θ andΦ axes, respectively [27]. Assuming similar values
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Fig. 2. Left: SHG average power (left axis) and SHG efficiency

(right axis) as functions of the combined fundamental and SHG

average powers measured after the LBO crystal. Right: oscillator

output pulse at 200 µJ per core.

for a 1030-nm wavelength, the FWHM acceptance angles of the

30-mm LBO crystal are 42 mrad and 57 mrad for the θ and ϕ

axes, respectively. Based on the previously measured M2 values

from this fiber amplifier and the implemented magnification, the

average beam divergence full angle is approximately 8.5 mrad,

significantly lower than the acceptance angles.

The SHG and residual fundamental light were separated

directly after the crystal for analysis. The SHG output power and

efficiency are plotted in Fig. 2 for a repetition rate of 1 kHz. The

low repetition rate was chosen to demonstrate high pulse energy

from the amplifier with the available 300-W continuous wave

(cw) pump diode, although the MOPA operates with greater

efficiency at higher repetition rates, as previously demonstrated

in Ref. [21]. Saturation of the SHG efficiency occurred near to

50%, with a maximum measured efficiency of 52% and a maxi-

mum SHG average power of 17 W, corresponding to a total SHG

pulse energy of 17 mJ. A similar SHG efficiency (48%) from a

Q-switched fiber system with similar beam and pulse character-

istics was reported in Ref. [23] by Laurila et al. The measured

SHG spectrum had a 0.5-nm bandwidth, confirming that the 0.5-

nm fundamental bandwidth is well within the crystal’s spectral

acceptance band. At the highest fundamental pulse energies, a

slight reduction of the SHG efficiency was observed, which is

attributed to the heating of the TFP, resulting in distortion of the

imaging within the LBO crystal.

Images of the SHG beam array and its transform plane focused

with a 500-mm lens are shown in Fig. 3. Due to the collinear

nature of type-I NCPM, there is no walk-off over the length of

the crystal and no resultant distortion of the SHG beams (aside

from a slightly reduced mode field diameter in comparison to

the fundamental, which is typical in SHG with Gaussian beams).

The beam quality of each of the sixteen individual beams from

this fiber during amplification was previously measured, with

Fig. 3. Images of the SHG beam array (left) and its transform

plane (right), where the beams incoherently overlap.

avg. M2 ≈ 1.5. The Fourier plane of the SHG array when focused

with a single lens had a Gaussian-like shape where all beams

were overlapping, as shown in the right-hand side of Fig. 3. It

should be noted that in the MCF oscillator depicted in Fig. 1,

all cores operate independently, and the amplified beams are not

mutually coherent. Thus, the transform plane of the array is an

incoherent superposition of nearly Gaussian beams propagating

at different angles determined by the focal length of the transform

lens and the array dimensions. This is relevant to the considered

application of Ti:sapphire pumping, as the incoherent pumping

process is dependent on the pump intensity distribution and not

on the complex wavefront. The contribution of each beam in the

array to the transform-plane intensity distribution is reduced by

factor 1/N, where N is the number of beams. Thus, the effect

of this homogenization increases for greater array sizes (more

waveguide cores). Note that although a flattop pump profile is

typically preferred in high-energy pulsed systems for optimized

inversion and thermal profiles, a Gaussian pump and laser profile

is desired for efficient coupling to capillary plasma channels in

LPA systems [8,28].

These proof-of-concept results are promising for the appli-

cation of active MCFs as a source of high-energy densely

parallelized visible laser light, although numerous improve-

ments can be made to optimize this system. For example, longer

fiber lengths and higher seed energies will improve the energy

extraction, maximum attainable energy, and overall MOPA effi-

ciency. Operating a pulsed system at repetition rates near the

inverse lifetime (∼1.1 kHz) with cw pump sources is inherently

inefficient as significant spontaneous decay will occur between

signal pulses. This can be improved with synchronous pulsed

pumping to rapidly invert the active material shortly before

the arrival of a seed pulse, which is typically done with low-

repetition-rate or single-shot systems. In this experiment, the

oscillator energy was limited by the onset of parasitic lasing at

around 250 µJ per core. With increased pulse energy from the

amplifier, the fundamental beams need not be so tightly focused

to achieve a high intensity in the SHG crystal, ultimately improv-

ing the SHG saturation behavior and conversion efficiency.

Common features of the high-energy SHG demonstrations men-

tioned in the introductory paragraphs are the use of flattop beam

shapes and a rectangular pulse shape to homogenize the spatial

and temporal intensity and the resulting spatiotemporal SHG

efficiency. With these pulse and beam characteristics, conver-

sion efficiencies near to 80% should be achievable [10,12].

Pulse shaping could conceivably be added to the MCF system

with appropriate modulation schemes between oscillator and

amplifier stages. Flattop/top-hat emission from the cores can

potentially be achieved with specialized fiber designs [29–31]

integrated into an MCF structure, although this would also

modify the Fourier plane intensity distribution. Birefringence

compensation using Faraday rotators and polarization control

using arrays of waveplates add to the complexity and size of

this system. Polarization-maintaining MCF designs are currently

under development and would simplify the system architecture

and facilitate further scaling. With improved MOPA design and

further mode area scaling in a tapered MCF format, an achiev-

able pulse energy of the order of 10 mJ per core is expected.

Combined with a further increase in the MCF core count (to

a 10× 10 array, for example), joule-class fundamental energies

could be achieved. When scaled to higher core counts, the MCF

pump cladding size can be increased while maintaining a high

core–cladding area ratio. This allows the use of high-power,
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low-brightness diode pumps which would be incompatible with

standard double-clad fibers. A potential challenge associated

with scaling the core count is the fabrication of cladding mate-

rial with a transversally uniform refractive index. To address this,

tapered MCFs or techniques for index homogenization may be

used [32]. However, as demonstrated above, incoherent combi-

nation with many beams is tolerant of nonuniform or imperfect

beam quality.

In this Letter, efficient frequency doubling of a high-energy

pulsed MCF system has been described, which is potentially

applicable to the pumping of high-repetition-rate Ti:sapphire

laser systems. Integrating sixteen parallel amplifying waveg-

uides into a multicore fiber enabled compact and efficient energy

scaling beyond the energy limits of the cores themselves, and

a tapered fiber geometry enabled mode area scaling to multi-

mode core dimensions while maintaining a low output mode

order. These MCFs have been initially utilized to demonstrate a

new generation of coherently combined laser systems; however,

the increased energy capacity of this fiber architecture extends

the viability of active fibers to applications where single-core

fibers would be unsuitable. As an alternative to bulk solid-state

lasers where high-average-power operation provides signifi-

cant challenges, MCFs and frequency-doubled systems thereof

can provide energy-scalable sources compatible with efficient

high-repetition-rate operation.
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