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Abstract: We report a 10 W continuous-wave cladding-pump &afiber laser with single-mode
output at 1660 nm pumped by a high-power Er:Ybrfa@plifier. The laser threshold was 6.5 W
and its slope efficiency was 67%.
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1. Introduction

High-power fiber laser operating in the eye-safeselength regime around ~1.5 —2n with diffraction limited
output beam have numerous applications. Recefidyethas been dramatic progress in scaling theubptpwer
from cladding-pumped Er:Yb [1,2] and Tm [3] dopdta fiber lasers operating in the 1.A6 — 1.62um and 1.85
— 2.1um wavelength range respectively. However, theser filisers cannot operate between JuéRand 1.85um
due to the absence of efficient radiative transitiorare-earth ions at these wavelengths. InsRathan fiber lasers
can be used to reach this wavelength range. Raifmanléiser can convert effectively light at any ghweavelength
into a longer wavelength within a broad bandwidttha Stokes frequency downshift. Neverthelesgraventional
Raman fiber laser requires a transverse single-rpad® source which even when fiber lasers are issdifficult
to achieve at high powers. In particular, high-pp®Raman lasers in the eye-safe range are normathppd with
Er:Yb co-doped fiber lasers, which, however, beeanfsa typically large numerical aperture are diffi to make
single-moded. An alternative to the traditionaleepumped Raman fiber laser is to use a multimooler fas the
Raman gain medium and, for single-mode operatielecs only the fundamental mode to lase. Such devaan
also be seen as brightness converters that reflyeooapability for beam “clean-up” of stimulatednRan scattering
[4]. For example, in [5] a fiber Bragg grating (FBGritten in a multimode fiber did allow a multimedraman
fiber laser to achieve a good beam quality with’0f1.66. Still the output power was limited tode¢kan 1 W and
the fiber output was not readily compatible witlsingle-mode fiber, which is often a requirement. @& other
hand, based on a similar principle, we demonsiratelier a 3.4 W output Raman fiber laser [6]tHis case, a
double-clad fiber with a raised index core whiclpmarts only the fundamental mode of the desiredraijrey
wavelength was used. Compared to [5], our solugads to a smaller fundamental mode which can theaback
because of damage and also because the overlap switfe of the pump modes can be small. However,
appropriately designed inner claddings (e.g., witB-shape) or mixing of the pump modes mitigatesdterlap
issue, and for many devices damage is not a conearthermore the double-clad structure helps idergelection
and suppression of mode-coupling at the Stokesusecaf the greater difference in shape and effedtidex
between the fundamental mode and higher-order mddes mode selection can be achieved by a FBG piiith
adjusted for the effective index of the fundamertale-mode. Furthermore, the output of the douldd-&iber is
matched to standard single-mode fiber which candeel to further increase the modal discrimination.

We here present an improved double-clad Raman ¥asieh, compared to our previous work [6], providesigher
output power (> 10 W at 1660 nm) and an improvegrek of brightness enhancement, frorh M~ 8.5 to a
diffraction-limited beam. We use a new cavity dasigth an output port made of standard single-nizky (SMF-
28). This makes the fiber laser truly single-modéd fully compatible with such fiber.

2. Experimental set-up

The experimental set-up consists of a high-powaticaous-wave (cw) pump source at 1552 nm and @ilafiber

cladding-pumped Raman fiber laser as shown in XigThe pump source is a two-stage fiber mastettatmi

power-amplifier (MOPA) based on Er:Yb co-doped fibenplifiers (EYDFAs). The MOPA's seed source cefsi
of a high-power tunable fiber ring laser which uaesommercial 2 W EYDFA from Southampton Photorind a
tunable fiber Bragg grating made in-house (e.g). [Fhe ring laser was set at 1.4 W of output poatet552 nm.
The ring laser was designed so that its linewidt®.® nm was large enough to avoid stimulated &uilh scattering



in the relatively long Raman fiber laser. The seedrce was then free-space coupled through a plnses and a
dichroic mirror into a 4 m long large-core high-pwEYDFA. The erbium-ytterbium doped fiber had aeco
diameter of 3Qum and a NA of 0.2. The inner-cladding was D-shap#ll size optimized for good pump coupling.
The diameter was 650m and the NA (i.e., for the pump waveguide) was30&s determined by a low-index
polymer coating. Both end-facets of the large-doWdDF were angle-polished to suppress back-reflastidn this
experiment, we used a diode stack pump sourcezahBvcapable of delivering up to 1 kW of cw powempump
the high-power EYDFA. An output power in exces8bfW was obtained from the MOPA as shown in figvith a
clean spectrum (fig. 2 inset). The slope efficienéyhe high-power EYDFA was somewhat low, 21%,use the
EYDF length was not optimized for the 1552 nm waweth required in his experiment. The output beaality of
the MOPA corresponds to a?\éf ~ 8.5. Even for our large core, the beam quaditworse than normal (e.g. [2]),
but for this application a single-mode pump sousceot required. The 972 nm pump is launched with1552 nm
signal into the EYDFA so that the fiber output exah be free-spaced launched into the double-cladaRdiber
(DCRF) laser. It would also allow the output endhaf EYDF to be directly spliced to the DCRF, batause of the
core mismatch this was not attempted. The remainimabsorbed pump power at 972 nm is removed bglaac
mirror. The signal is then further reflected intdigic mirror which transmits wavelengths longermtti®50 nm and
is then launched into the DCRF inner-cladditeya lens. The launch efficiency was 60% into the BCR
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Figure 1 : Experimental set-up

The Raman gain medium is a special double-clad fignufactured in-house using a standard MCVD @®CcEhe
DCRF has a pure silica outer cladding. The innadding and core are germanosilicate with diffeigarmanium
contents to enhance the Raman process and to daéndesired waveguide structure. The diametehefitner
cladding is 21.6um and its NA is 0.22 with respect to the outer dlagd. The core diameter isiin and its NA is
0.14 with respect to the inner cladding. The came &n estimated cut-off wavelength of 1630 nm. ddre and
inner cladding propagation loss at 1552 nm aredB/km and 2.1 dB/km, respectively. The fiber in ¢ager was
1.2 km long and its output end is spliced to a Iemkng piece of SMF-28. The typical splice loes the core
mode is less than 0.5 dB while all other modes@skat this point to un-guided radiation modes. ¥ged a high-
index gel to strip all the unwanted modes and tswrotect the high-index coating of the SMF fiber.

The Raman laser cavity itself consists of a naravab(~0.4 nm) highly-reflective FBG at 1660 nm terit in the
core of the DCRF at the 1552 nm launch end withldlser output coupler formed by a flat cleave i@ 8MF-28
fiber. Thus the laser output is a true single-mb#am and can readily be spliced to conventionacteh-
compatible fiber, if, e.g., a low-reflecting FBGused as an output coupler. The HR FBG has a tiefteof 80%.
Thus we expect to have some leakage from the Réasenin the backward direction. Hence we usedogeptive
dichroic mirror to prevent the 1660 nm radiatioonfr being fed back into the MOPA.

3. Results

The output power from Raman laser through the SB&put end is shown in fig. 3. The laser threghslaround
6.5 W of launched pump power at 1552 nm. Thisnslar to our earlier work [6]. The slope efficienofthe laser
is 67% and the conversion efficiency close to 47&%he maximum power. A maximum output power o219/



was obtained for 21.4 W of launched pump power. lithiéed reflectivity of the FBG in the pump launehnd led to
a non-negligible amount of output power lost as thoint. Including this lost power, the total slagféciency of the
laser is in fact 84% with a conversion efficiendy66% as shown in figure 3. Hence the laser peréowee could be
further improved with a better FBG, as well as vdtfiber with a lower background loss. Still eveiivihe present
parameters the DCREF is highly efficient, and coasidy the background loss, the double-ended sldizeacy
even exceeds the quantum limit. A reason for thiddcbe the nonlinear absorption characteristica Rhman laser,
which can lead to slope efficiencies above the guarimit over a limited range. However, taking th@ckground
loss into account, also the total conversion edficy is very close to the quantum limit, or evepemds it. This
would be unphysical but could be explained by agenrestimated pump launch.
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Figure 2 : MOPA output power at 1552 nm, insetpatit Figure 3: Cladding-pump Raman laser at 1660 nm
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output power (inset)
The output spectrum measured at the maximum opipaer with a resolution of 1 nm is shown in theeinsf fig.
3. The remaining pump power in the single-mode cbrthe SMF is 20 dB lower than the laser output@&0 nm.
Furthermore a broadening of Raman fiber laser liddw(FWHM) from 0.5 nm (near the threshold) to 2/ (at
the maximum output) is observed. This is causethbycombination of the high intensity in the cored®a of the
lasing wavelength and four-wave mixing in the Rarfiber laser [8].

4, Summary

In conclusion, we have demonstrated an efficiegh{gower cw single-mode cladding-pumped Raman fider at
1660 nm based on a double-clad germanosilicate. fillee Raman fiber laser yielded 10.2 W of singieed output
power for 21.4 W of pump power at 1552 nm. Therdakeeshold was 6.5 W and the slope efficiency 6T¥e
laser power-conversion efficiency was 47.6% closté quantum limit.
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