Fiber MOPAswith high control and high power
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Abstract: High power fiber sources have reached severalkitts of output power, and are
now leading contenders for many applications. Irtgur attractions include control,
efficiency, manufacturability, and reliability. Wieill exemplify opportunities and limitations
for these revolutionary sources.
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Introduction

High power fiber sources are now leading contenélarsnany important applications requiring powensni a
few watts up to several kilowatts. Beyond raw pawfdrers offer advantages such as control, efficyen
manufacturability, and reliability. These deriverr the fundamental fiber geometry, as well as adesirin
fiber design, fabrication, and pump diodes, largativen by the optical communications industry. kas
oscillator — power amplifier (MOPA) configuratiobsild on the unique combination of high power, héffi-
ciency, high gain, and broad gain bandwidth of-+eagh (RE) doped fibers. In MOPAs, the output frioighly
controlled, low power seed lasers can be amplifedltrahigh power levels whilst preserving theidss seed
characteristics. High control is much simpler at lpowers. For example, high-speed lithium niobateuta-
tors can be used to control the amplitude as vgetha phase of the seed light. This makes MOP Aslugan-
ary light sources that can enable and dominatengeraf devices and application areas. At the same, the
fiber MOPAs are being pushed ever closer to theysjzal limits. Here, we will exemplify both opportities
and limits of high-power fiber MOPAs.

Fiber Raman amplifier with controllable gain spectrum

Raman amplifiers offer the potential to generata ga any arbitrary wavelength over several Stoleters
with an appropriate pump source. This has proveers effective and successful way of providing gain
wavelengths not directly available with RE-dopelokefs. Most of this success has been achieved @g
pump diodes, but in recent years there has beawsghinterest in pulsed pumping of Raman amplifiéhgs
has been mainly in the telecommunications areaufirdime-division multiplexed pumping schemes kit
also in other areas due to advances in diode-sd@dadpower fiber MOPA systems [2]. A MOPA allowar f
excellent control of the pulse parameters whichaseasily available from Q-switched or mode-lockasers.
This opens up new opportunities for controlling fReman gain spectrum through control of the pusep
meters. We have experimentally investigated thigpimping a fiber Raman amplifier with step-shapptical
pulses delivered from an ytterbium (Yb) doped fiM®PA [3], [4]. With the instantaneous power of keatep
appropriately tailored, different parts of the gutsansfer their energy to different Stokes ordkrading to a
controllable gain spectrum covering multiple Stokeders. This opens up opportunities for an uln@atdband

Raman amplifier with near-instantaneous electronittrol of the gain spectrum.
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Fig. 1 Fiber Raman amplifier pumped by diode-seeded Yb-doped fiber MOPA with controllable pulse shapes.
Experimental set-up, step-shaped pulses, and resulting gain spectrum. YDFA: Yb-doped fiber amplifier, HNLF:
highly nonlinear fiber (Sumitomo), HR: high reflectivity, HT: high transmissivity.

In our experiments, we used a directly modulatedisenductor diode at 1064 nm as the seed laser UFi],
[4]. The diode was controlled by electrical puléesn an arbitrary waveform generator to provide desired
pulse shape. This was then amplified by two cast&dedoped fiber amplifiers (YDFAS) up to 4 W ofaage
power. The pump light from the was launched in@® kan long highly nonlinear fiber fabricated by Stwno
Electric Industries, Ltd. Figure 1 further showsexample of the pump pulses we used, as well asethéting



Raman gain spectrum [4]. The pulses had a total dutle of 50% (25% for each step). The resultiaing
spectrum shows a peak on/off counter-propagatitig gmore than 12 dB over both th& and 2¢ Stokes
orders. We have extended this work to pump pulststivee steps, to create gain over three Stokidesr® and
to the use of two seed diodes at different wavelengndividually shaped in the time domain and Hfiepl by
the same YDFAs. These approaches allow us to extenbdandwidth of the Raman gain spectrum andItmfi
the gap between the Raman gain peaks in Fig 1.aNelso generate higher-order Raman gain withdataga
the intermediate orders, and have done so up td"toeder.

One problem is that Raman amplification is a re@yi weak nonlinear process, which requires high
intensities over long fiber lengths. Under thesaditions, linewidth broadening due to self- andsesrphase
modulation can be a problem, especially with pulgechping [2]. However, with a fiber MOPA pump soeyc
the narrow seed linewidth that can be obtained withright seed laser, combined with the tempooatrol,
can help to reduce the linewidth of the output bedims is illustrated in Fig. 2. To obtain thesesuis
experimentally, broadening due to different evans of the signal and pump polarizations must beded,
e.g., through the use of a polarization-maintairiibgr for additional control of the nonlinear iraetion.
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Fig. 2. Smulated spectra at the second Raman Sokes after pulsed co-propagating Raman amplification in a
40 m long single-mode fiber for different pump pulse shapes. Left: Gaussian pulse. Center: Super-gaussian
pulse of order 8. Right: Pump pul se shapes, showing the nearly-rectangular shape of the super-gaussian pulse.

Single-frequency fiber MOPAs and synthetic-aperture lasers
Fiber MOPAs can also provide excellent spe-

tral control. Thus, high-coherence or singl [ Lengths matched to within Phase Control }[ g
frequency MOPAs can generate high-pow | coherence length of source \ . 1000w i
radiation with very narrow linewidths down tc 10cm = 2GRz >, a5
the kHz-level. Such MOPAs, operating on e 1000 W §g
S|_ngle_ polgnzanon and a single spatial mod frequgency > [z2
with linewidths up to the GHz-level, can b | seedaser 22
coherently combined into a synthetic-apertu 1000w |28
laser (Fig. 3). If the phases of individual chai — |28
nels are controlled, a synthetic-aperture las g3
can be realized with powers that can far exce looow &g
that possible from a single fiber. ?,

Stimulated Brillouin scattering (SBS), g

nonlinear effect, is a key limitation for high . . oo
power fiber amplifiers with the coherenc Fig. 3. Synthetic-aperture laser comprising a multi-channel

required for synthetic aperture lasers. SBS f MOPA seeded by a single narrow-line master oscillator.

been successfully addressed in recent years, toeepawer-scaling to the kilowatt-level of Yb-dopéter
MOPAs (e.g., [5]). One possibility is to rely oretlongitudinal temperature variation that is getestan RE-
doped fibers at high powers [5], [6]. These careheB00 K or more. Another possibility is to useansversally
varying speed for the acoustic wave involved in Bx@louin interaction, e.g., with varying germaniuand
aluminum concentrations across the core [7], [8], [10]. This way, it is possible to independentigntrol
propagation of the acoustic and optical waves,amecoustic speed variation as large as 9% hasdubdeved
[10]. The resulting SBS suppression is sometimgda@med in terms of a reduced overlap with (guidachus-
tic modes [9]. However, SBS occurs even in the amseof guided acoustic mode, so this is not always
satisfactory explanation. We have determined tloeistec speed profile (also referred to as the “atiouefrac-
tive index profile”) that minimizes the SBS (i.¢he Brillouin gain), based on an approximate exgices We
find that the resulting quasi-optimized spectragh of the Brillouin gain spectrum is the samealbcore dia-
meters and (optical) refractive index distributioasd that the magnitude is inversely proportidnghe effec-
tive area of the (optical) mode. Numerical caldolas confirm this, with a high accuracy, in theea$ an anti-



guiding acoustic refractive index profile. The Brilin gain suppression is ~13 dB, which is lardeamtthe 11.2
dB reported with triangular antiguiding acoustiéraetive index profiles [10], but perhaps not sfgrEntly so.
If the acoustic refractive index profile is invetfe¢o form an acoustic waveguide, acoustic modgeapthat
lead to spikes in the Brillouin gain spectrum. Tikia severe effect with small-core fibers, in whibe acoustic
mode separation significantly exceeds the phorfetirtie-limited Brillouin linewidth of around 50 MHzut
only a minor effect with large optical mode are@se Fig. 4 for a fiber with a 50m diameter (optical) step-
index core, in which case the appearance of guadedstic modes increases the peak Brillouin gailesy than
30%. Furthermore, since the peaks are only seghlateat most around 100 MHz for a fith core, thermal
broadening of the Brillouin gain, or even minor ddening of the signal, may well smear out the pe@ksn,
there will be almost no difference between thel&uih gain with a waveguiding and antiguiding adaus
refractive index profiles. We note also that willglst modifications of the acoustic refractive iderofile, it
should be possible to distribute the acoustic madese evenly. This would reduce the spectral sgpoirnthe
Brillouin peaks, and help to smear them out furfasrin the low-frequency end of the spectrum o B). Note
further that for an unperturbed circular fiber ligars, only circularly symmetric acoustic modestdbnte to
the Brillouin gain for the fundamental optical moeehich is expected to see the highest gain. Evestagively
small perturbation, such as modest bending ofitie,fwill distort the modes, so that a much langember of
acoustic modes will participate in the interactiBigain, this further smears out the Brillouin gapectrum.

We conclude therefore, that an acoustic antiguidkveaveguide, with “opposite” acoustic refractineléx
profiles, are likely to result in similar Brillouigain spectra for large-core fibers. Because ofdibsence of
guided acoustic modes, or because of the large aeuoflacoustic modes that are involved in the adgon in
large-core fibers, a modal description of the atiousodes is not necessarily helpful in the underding of the
Brillouin gain with transversally varying acousspeed profiles. In any case, a modal descriptioma@atreat
only a single acoustic mode as sometimes in thg[pha$ut needs to include all interacting acoustiodes.
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Fig. 4 Sectral shape of Brillouin gain (left) with quasi-optimized antiguiding and guiding acoustic refractive
index profiles with 10% index step (right). The optical step-index core (50 pm diameter) and the normalized
intensity of the optical mode are indicated, too. Optical wavelength 1080 nm.

In summary, the continuing advances in the corgnal in the suppression of nonlinearities in highwgofiber
sources promises to open up for a large numbexdaifieg new devices and applications.
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